ORGANOMETALLICS

Volume 14, Number 3, March 1995

© Copyright 1995
American Chemical Society

Communications

Asyinmetric Induction in the Diels—Alder Reaction
Catalyzed by Chiral Metallocene Triflate Complexes:
Dramatic Effect of Solvent Polarity

James B. Jaquith, Jinying Guan, Shaotian Wang, and Scott Collins*

Department of Chemistry, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

Received October 28, 1994%

Summary: The Diels—Alder cycloaddition reaction be-
tween oxazolidinone-based dienophiles 4—6 and cyclo-
pentadiene is efficiently catalyzed by the chiral metal-
locene  complex  [(S)-1,2-ethylenebis(ni-tetrahydro-
indenyl)]JZr(OTPs (2) as well as its titanium analog (3).
The level of asymmetric induction is dramatically af-
fected by solvent polarity; in CH3Cly solvent the cyclo-
addition process is essentially nonstereoselective, whereas
in CH3NO; or 2-nitropropane, higher enantioselectivity
(>70% ee) is observed. This behavior can be partially
explained with reference to the results of variable-
temperature NMR studies of the complexes derived from
rac-2 and dienophile 4.

The use of electron-deficient metallocene compounds
of the group 4 elements in organic synthesis is attracting
increasing attention. Achiral and chiral cationic met-
allocene alkoxide complexes of zirconium have been
employed in catalytic amounts in the Diels—Alder
reaction and the Mukaiyama cross-aldol condensation.!
Related applications have also been reported by Bosnich
and co-workers, employing achiral metallocene bis-
(triflate) complexes of titanium and zirconium (1)? that
were initially prepared and structurally characterized
by Thewalt and co-workers.® They are related to

® Abstract published in Advance ACS Abstracts, February 15, 1995.

(1) (a) Hong, Y.; Norris, D. J.; Collins, S. J. Org. Chem. 1993, 58,
3591. (b) Hong, Y.; Kuntz, B. A.; Taylor, N. J.; Colling, S. Organome-
tallics 1998, 12, 964. (c) Collins, S.; Koene, B. E.; Ramachandran, R.;
Taylor, N. J. Organometallics 1991, 10, 2092.

0276-7333/95/2314-1079$09.00/0

cationic metallocene complexes in that one (or both) of
the triflate ligands is labile, particularly in polar, donor
solvents (eq 1).2°
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It occurred to us that such catalysts might prove
advantageous for use with substrates that can coordi-
nate to the metal center in a bidentate fashion; the
alkoxide complexes studied previously are unlikely
candidates, as the alkoxide ligand functions as, at least
a 4 e donor to the metal center.! We report here
preliminary results concerning the use of chiral metal-
locene bis(triflate) complexes and bidentate dienophiles
in the Diels—Alder reaction.*

(2) (a) Hollis, T. K.; Robinson, N. P.; Whelan, J.; Bosnich, B.
Tetrahedron Lett. 1993, 34, 4309. (b) Hollis, T. K.; Odenkirk, W.;
Robinson, N. P.; Whelan, J.; Bosnich, B. Tetrahedron 19938, 49, 5415.
(e) Hollis, T. K.; Robinson, N. P.; Bosnich, B. J. Am. Chem. Soc. 1992,
114, 5464. (d) Hollis, T. K.; Robinson, N. P.; Bosnich, B. Organome-
tallics 1992, 12, 2745. (e) Hollis, T. K.; Robinson, N. P.; Bosnich, B.
Tetrahedron Lett. 1992, 33, 6423.
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The chiral metallocene bis(triflate) complexes 2 and
3% were prepared as outlined in Scheme 16 and were
used to catalyze the Diels—Alder reaction of cyclopen-
tadiene with oxazolidinone-derived dienophiles 4—6
(Table 1).7

As is evident from the experiments summarized in
Table 1, the rate and stereoselectivity of the Diels—
Alder reaction are significantly influenced by the polar-
ity of the solvent employed. In particular, the rate of
the reaction is generally enhanced in the polar solvent
CH;3NO; and the endo selectivity is somewhat dimin-
ished from that seen in CH5Cl, (e.g. entry 1 vs 2).

However, the level of asymmetric induction is dra-
matically affected; the cycloaddition process involving

(4) For similar approaches employing other chiral catalysts and
oxazolidinone-based dienophiles see, interalia: (a) Evans, D. A.; Miller,
S. J.; Lectka, T. J. Am. Chem. Soc. 1998, 115, 6460 (90 to >98% ee).
(b) Corey, E. J.; Imai, N.; Zhang, H.-Y. J. Am. Chem. Soc. 1991, 113,
728 (80—86% ee). (c) Narasaka, K.; Iwasawa, N.; Inoue, M.; Yamada,
T.; Nakashima, M.; Sugimori, J. J. Am. Chem. Soc. 1989, 111, 5340
(72—84% ee) and references therein. For earlier work employing chiral
oxazolidinone-based dienophiles and achiral alkylaluminum catalysts
see: Evans, D. A.; Chapman, K. T.; Bisaha, J. J. Am. Chem, Soc. 1988,
110, 1238.

(5) (a) (8)-2: [al435 = +606° (¢ = 180 mg/100 mL; CH,Cly); 'H NMR
(250 MHz, CDCl;) 6 6.80 (d, J = 3 Hz, 2H), 5.90 (d, J = 3 Hz, 2H),
3.46 (br s, 4H), 2.63 (m, 8H), 1.83 (m, 4H), 1.61 (m, 4H) ppm; 3C NMR
(50 MHz, CDCl3) 8 138.9, 137.4, 128.9, 118.8 (q, Jor = 318 Hz), 118.7,
112.5, 29.0, 24.0, 23.0, 21.6, 21.4 ppm; °F NMR (188 MHz, CDCl;, 25
°C) 6 —77.2 (s) ppm; IR (KBr) 3112, 3076, 2950, 2912, 2865, 1677, 1649,
1493, 1469, 1441, 1353, 1314, 1291, 1236, 1197, 1152, 981, 818, 628
cm~}; MS (EI) m/z 652 (M*, 99Zr). Anal. Caled for CooHyFsOgS2Zr:
C, 40.42; H, 3.70. Found: C, 40.18; H, 3.89. (b)(S)-3: [al4ss = —1452°
(¢ = 5 mg/100 mL; CHCl;); "H NMR (250 MHz, CDCl;) 6 6.96 (d, J =
3 Hz, 2H), 5.92 (d, J = 3 Hz, 2H), 3.68 (m, 4H), 2.64 (m, 8H), 1.81 (m,
4H), 1.52 (m, 4H) ppm; 13C NMR (62.8 MHz, CDCl;) 6 146.3, 1424,
134.7,124.6,119.2 (q, Jor = 319 Hz), 117.3, 29.3, 24.7, 23.7, 21.1, 20.9
ppm; °F NMR (188 MHz, CD,Cls, 25 °C) 6 —77.4 (s) ppm with CFClg
as an external standard; IR (CHCl;) 3055, 2942, 2305.67, 1428, 1347,
1265, 1200, 1009, 896, 740, 632 cm~!, Anal. Calcd for szHuFeOsSz-
Ti: C, 43.28; H, 3.96; S, 10.50. Found: C, 42.94; H, 3.94; S, 10.88.

(6) (a) Grossman, R. B.; Davis, W. M.; Buchwald, S. L. J. Am. Chem.
Soc. 1991, 113, 2321. (b) Collins, S.; Kuntz, B. A,; Hong, Y. J. Org.
Chem. 1989, 54, 4154 and references therein.

(7) Typical procedure: Oxazolidinone 4 (141 mg, 1.0 mmol) and (S)-2
(6.5 mg, 0.01 mmol) were combined and dissolved in CHzNO; (2.0 mL).
After the solution was cooled to —30 °C, cyclopentadiene (200—500 L)
was added via syringe. After 50 min at this temperature, TLC (silica
gel, CHCly) revealed the complete consumption of 4. The mixture was
quenched with saturated aqueous NH,Cl (2 mL) and diluted with CH,-
Clz (10 mL) and water (5 mL). The aqueous layer was washed with
CH.Cl; (2 x 5 mL) and the combined organic layers dried over
anhydrous Na;SO4 and filtered and solvent removed in vacuo to provide
the crude adduct in ca. 90% yield, substantially pure by 'H NMR
spectroscopy. The adducts could be further purified by flash chroma-
tography on silica gel with CHoCl; as eluent. The diastereomer and
enantiomer ratios summarized in Table 1 were determined using the
crude mixture prior to chromatography.
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Table 1. Diels—Alder Reactions Catalyzed by Complexes 2
and ¥
/\HL JLo-i- ;; 7 (Sk2ord RR2+ 4 COOx
solvent 1 R,
(xs) COOx R4
4Ry =R,=H
5:Ry=H; Rz = Me
6: R, =Me; Rg H
entry  catalyst  dieno- T t Y endo: %
no. (amt, mol %) phile solvent °C) (WP (%) exo® ee?
1 3(10.0) 4 CHCL 0 8 91 91 ~0
2 3(10.0) 4 CH:NO, 0 05 9% 71 88
3 3(5.0 4 CHiNO, 0 05 8 6:1 85
4 3550 4 CH:NO; -30 05 8 7.1 89
5 2(1.0) 4 CHCL -78 1 88 30:1 30
6 2(1.0) 4 CH:3;NO; -30 1 94 511 68
7 2(5.0) 4 NO,CH(CH3), —78 8 84 61 92
8 2(5.0) 5 CHyCL —30 24 40 41 70
9 2(1.0) 5 NOCH(CHjz); —30 24 52 81 92
10 2(5.0) § NO,CH(CH3); —30 2 87 7.1 90
11 2(5.0) 5 NO,CH(CH3); —-78 24 84 15:1 95
12 2(5.0) 6 CHL —30 24 12 3.1:1 69
13 2(1.0) 6 CH:NO; —30 48 59 1.1:1 78
14 2(5.0) 6 CH3NO, —30 48 88 1.1:1 78

2 Reactions were conducted under the following conditions in the
indicated solvent: [dienophile] = ~0.5 M; [diene] = ~1.0—2.0 M. ® The
time required for 100% conversion as monitored by TLC. ¢ Determined by
'H NMR and/or HPLC (Chiracel OD column).  The % ee is quoted for
the endo diastereomer, which was determined by HPLC; the major endo
enantiomer possesses the 2R configuration, as revealed by conversion to
the known benzyl ester.# ¢ The figure quoted is for the exo diastereomer;
the endo enantiomers were not resolved by HPLC. / The absolute config-
uration of the major enantiomer was not determined, as the endo and exo
diastereomers could not be separated by chromatography.

dienophile 4 is essentially stereorandom in CHjCly,
whereas in CH3NO; much higher enantioselectivity is
observed using catalyst 3 (entries 1 and 2). Similar,
although less dramatic, effects are observed when using
the zirconium catalyst 2 (entries 5—7) or dienophiles 5
and 6 and this catalyst (entries 8 and 10 and 12 and
14, respectively). In both solvents and using either
catalyst, the absolute configuration of the major enan-
tiomer is the same.

Insight into the reasons for these dramatic differences
was obtained from variable-temperature 'H and 1°F
NMR studies on the complexation of dienophile 4 to
racemic zirconium catalyst 2 in CD3Cl; and CD3sNO,.8
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In CD3NOs; solvent at —30 °C, coordination of 4 to the
metal center is favored, even with equimolar amounts
of both substrates; signals due to unbound 4 and
catalyst 2 were weak in the 'H and 1°F NMR spectra.®
In CDyClz, more complex behavior is observed. Binding
of 4 to 2 is entropically unfavorable; signals due to
unbound 4 and 2 are clearly present but diminish in
intensity at lower temperatures. The equilibrium con-
stant for exchange of bound and unbound 4 is sensitive
to temperature and thus the rate of exchange is also
highly temperature dependent.

Two complexes are present in a ratio of ~2:1 in CDs-
NO; at —30 °C, and this ratio is largely unaffected by
the presence of excess dienophile or catalyst.® 1°F NMR
spectra at this temperature exhibit three signals at
—77.0, —77.2, and —78.0 ppm in a ratio of ~1:2.2:2.7.10
The signal at highest field is characteristic of free
triflate ion in this solvent,? whereas the former two
signals are at higher field than that observed for
catalyst 2 (—76.8 ppm). 13C NMR spectra in CDsNO,
clearly indicate that both C=0 groups of the dienophile
are coordinated to Zr in both complexes.!! From these
results, it seems clear that substrate 4 binds to 2 and
displaces one triflate ligand from the coordination
sphere of the metal.

Similar effects are observed in CDyCl; at —30 °C; the
same two complexes are present (on the basis of the
similarity in chemical shifts and coupling constants
observed in the TH NMR spectra) but in a ratio of ~6:1.
15F NMR spectra at this temperature exhibit four peaks
at 6 —77.2, -77.8, —78.2, and —78.6 ppm; the first signal
is due to catalyst 2, whereas the last three signals are
in a ratio of ~1:5.7:7.3 with the third signal character-
istic of free triflate ion.

The simplest interpretation of the results of the
Diels—Alder cycloaddition reactions and the NMR stud-
ies is shown in Scheme 2; the two five-coordinate
complexes A and B are present that differ in which C=0
group of the dienophile occupies the central coordination
site.12 From the observed change in the level of asym-
metric induction in the two solvents, coupled with the
change in stability between the two complexes, it seems

(8) Similar studies employing catalyst 3 were precluded by the very
unfavorable equilibrium constant for binding of 4 to this complex, even
in CD3NO; (i.e. less than 5% complexation at —30 °C at a 1:1
stoichiometry): Guan, J. Unpublished results.

(9) Identical behavior was seen using (S)-2: Jaquith, J. Unpublished
results.

(10) The signal due to free triflate ion is significantly line-broadened,
whereas the remaining signals are sharp. Experiments at different
catalyst:substrate ratios or using catalyst 2 and [nBuyN][OT{] dem-
onstrated that free triflate ion is rapidly exchanging with bound triflate
in residual catalyst 2 but not with either complex.

(11) See the supplementary material for details. For similar
spectroscopic studies employing oxazolidinones such as 4 and other
Lewis acids see: Castellano, S.; Dwight, W. J. J. Am. Chem. Soc. 1993,
115, 2986.

(12) For a discussion of the bonding in five-coordinate bent-metal-
locene complexes see: Lauher, J. W.; Hoffmann, R. J. Am. Chem. Soc.
1976, 98, 1729.
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Scheme 2

likely that it is the minor isomer B that reacts most
rapidly and selectively with cyclopentadiene. The ab-
solute configuration of the major, endo enantiomer
formed is also consistent with this hypothesis.!?

In summary, high enantioselectivity is observed in the
Diels—Alder reaction using chiral metallocene com-
plexes and bidentate dienophiles in polar solvents.
Future work will be directed toward how metallocene
and dienophile structure affect the equilibrium depicted
in Scheme 2 and the selectivity of the Diels—Alder
reaction.
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(13) Additional support for the hypothesis of complex B having the
structure shown was obtained by NOE-difference spectra in CDsNOy/
CD4Cl; solvent mixtures (ca. 5:1) at —55 °C. Irradiation of H, (Scheme
2) led to enhancements (ca. 5%) of two of the CpH protons (on the same
ring) in this complex, whereas irradiation of Hy of the major isomer
did not lead to observable NOE for any protons on the tetrahydroin-
denyl rings. Furthermore, in both complexes, the oxazolidinone
adopted the s-cis conformation; irradiation of the protons a to N in
the oxazolidinone ring led to enhancements of H, and H, respectively.
See the supplementary material for additional details.
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Highly Selective Dehydrogenative Silylation of Ethylene
Using the Bis(dihydrogen) Complex RuH:(Hz)2(PCys):2 as
Catalyst Precursor

M. Lorraine Christ, Sylviane Sabo-Etienne,* and Bruno Chaudret

Laboratoire de Chimie de Coordination du CNRS, 205, route de Narbonne,
31077 Toulouse Cedex, France

Received December 19, 1994%

Summary: The complex RuH[(n3-CeHg)P(CsH 11)2/(CoHy)-
(PCy3) (4), resulting from the dehydrogenation of a
cyclohexyl ring of the bis(dihydrogen) complex RuH»-
(Ho)o(PCys)s (1) with CoHy, is a highly efficient catalyst
for the selective dehydrogenative silylation of ethylene
into the vinylsilane CHy=CHSiEt3(2). Total conversion
of 1000 equiv of HSiEts under 20 bar of CoHy is achieved,
in less than 15 min at 17 °C, leading to 2 in 93%
selectivity.

Although the reactivity of molecular dihydrogen
complexes is a very active area, relatively few studies
concerning their activity in catalysis have been carried
out.! Thus, dihydrogen derivatives represent likely
catalytic intermediates but more evidence is needed to
demonstrate their activity.

As part of our current studies on the properties of the
thermally stable bis(dihydrogen) complex RuHa(Hs)o-
(PCys)e (1),2 we recently reported the stoichiometric
reactions of 1 with HER3 (E = Si, Ge). Dihydrogen
substitution leads to the novel compounds RuHy(Hy)-
(HER3)(PCys)2 in which the HER;3 ligand is weakly
coordinated.?® We now demonstrate the catalytic activ-
ity of 1 toward ethylene and triethylsilane.

The hydrosilylation of olefins catalyzed by transition-
metal complexes (eq 1) has been extensively studied,?
but the competitive reaction of dehydrogenative silyla-
tion of olefins has been much less documented (eq 2).*

® Abstract published in Advance ACS Abstracts, February 15, 1995.

(1) (a) Kubas, G. J. Acc. Chem. Res. 1988, 21, 120. (b) Crabtree, R.
H. Acc. Chem. Res. 1990, 23, 95. (c) Crabtree, R. H. Angew. Chem.,
Int. Ed. Engl. 1993, 32, 789. (d) Jessop, P. G.; Morris, R. H. Coord.
Chem. Rev. 1992, 121, 155. (e) Heinekey, D. M.,; Oldham, W. J., Jr.
Chem. Rev. 1993, 93, 913.

(2) (a) Chaudret, B.; Poilblanc, R. Organometallics 1985, 4, 1722.
(b) Arliguie, T.; Chaudret, B.; Morris, R. H.; Sella, A. Inorg. Chem.
1988, 27, 598. (c) Chaudret, B.; Chung, G.; Eisenstein, O.; Jackson,
S. A,; Lahoz, F. J.; Lopez, J. A. J. Am. Chem. Soc. 1991, 113, 2314. (d)
Arliguie, T.; Chaudret, B.; Chung, G.; Dahan, F. Organometallics 1991,
10, 2973. (e) Sabo-Etienne, S.; Hernandez, M.; Chung, G.; Chaudret,
B.; Castel, A, New J. Chem. 1994, 18, 175. (f) Christ, M. L.; Sabo-
Etienne, S.; Chaudret, B. Organometallics 1994, 13, 3800. (g) Christ,
M. L.; Sabo-Etienne, S.; Chung, G.; Chaudret, B. Inorg. Chem. 1994,
33, 5316.

(8) Brookhart, M.; Grant, B. E. J. Am. Chem. Soc. 1993, 115, 2151
and references therein.

(4) (a) Millan, A.; Fernandez, M.-J.; Bentz, P.; Maitlis, P. M. J. Mol.
Catal. 1984, 26, 89. (b) Tanke, R. S.; Crabtree, R. H. Organometallics
1991, 10, 415. (c) Corey, J. Y. Advances in Silicon Chemistry; Larson,
G. L., Ed.; JAI Press: London, 1991; Vol. 1, p 327. (d) Duckett, S. B,;
Perutz, R. N. Organometallics 1992, 11, 90. (e) Kakiuchi, F.; Nogami,
K.; Chatani, N.; Seki, Y.; Murai, S. Organometallics 1998, 12, 4748,
(f) Doyle, M. P.; Devora, G. A.; Nefedov, A. O.; High, K. G. Organo-
metallics 1992, 11, 549. (g) Kesti, M. R.; Waymouth, R. M. Organo-
metallics 1992, 11, 1095. (h) Seitz, F.; Wrighton, M. S. Angew. Chem.,
Int. Ed. Engl. 1988, 27, 289.
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Table 1. Reaction of Ethylene with HSiEt; Catalyzed by
the Ruthenium Complexes 1, 4, and 5

entry  catalyst T P time product
no. M HSIiEtz:M °C) (bar) (min)  ratio®2:3
1 1 100 21 1 105 78:22
2 1 100 22 2 30 80:20
3 1 100 60 2 10 79:21
4 1 1000 3 20 30 76:24
5t 1 100 22 1 150 97:3
+100° 22 1 290 98:2
+100° 22 1 410 98:2
6 4 100 17 1 80 99:1
7 4 1000 17 20 15 93:7
8 5 100 18 1 90 98:2

4 Determined by GC; in all cases, HSiEt; was totally consumed. ® C;Hy
was first bubbled into 1 in pentane before addition of HSiEts. ¢ 100
additional equiv of HSiEt; added.

This alternative reaction has synthetic value because
the vinylsilanes are versatile synthetic intermediates.?

CH,=CH, + HSiR, — CH,CH,SiR, (1)
9CH,=CH, + HSiR, — CH,=CHSiR, + C,H, (2)

We describe herein an effective system for the dehy-
drogenative silylation of ethylene.

The main results are summarized in Table 1. When
ethylene is bubbled at room temperature into a mixture
of 1 and HSiEt3 in a 1:100 ratio in pentane solution,
total conversion of HSiEt; is observed within 2 h,
producing the vinylsilane CHy=CHSiEt; (2) in 78% yield
together with the hydrosilylated product SiEt4 (8) in
22% yield (entry 1). According to GC analysis, 8 is
formed in the early stage of the catalysis (Figure 1).
Ethane was detected by GC as well as by 1H NMR
monitoring. The reaction can be run at higher pressure
and temperature (entries 2—4) without modification of
the selectivity, but this lead to an increase in the
reaction rate. High turnover numbers (entry 4) were
obtained, and clearly much higher total turnovers can
be achieved. Higher selectivity can be simply achieved
by bubbling ethylene into a pentane solution of 1 before
the addition of HSiEts (entry 5): the vinylsilane 2 is
thus obtained in 97% yield. The system is stable since
successive additions of HSiEt3 can be done (entry 5)
without any decomposition of the catalyst (even after

(5) (a) Cooke, F.; Moerk, R.; Schwindeman, J.; Magnus, P. J. Org.
Chem. 1980, 45, 1046. (b) Magnus, P. D.; Sarkar, T.; Djuric, S.
Comprehensive Organometallic Chemistry; Wilkinson, G., Stone, F. G.
A., and Abel, E. W., Eds.; Pergamon: New York, 1984; Vol. 7, Chapter
48. (c) Fleming, I.; Dunogues, J.; Smithers, R. H. Org. React. 1990,
37,57. (d) Takeuchi, R.; Tanouchi, N. J. Chem. Soc., Chem. Commun.
1993, 1319.

© 1995 American Chemical Society
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Figure 1. Variation in relative amounts of HSiEts,
CH,=CHSiEt;, and SiEty vs time: (top) 1 (0.025 mmol),
HSiEtz (25 mmol), 20 bar of C:Hy, 13 °C; (bottom) 4 (0.025
mmol), HSiEt; (25 mmol), 20 bar of CoHy, 17 °C.

the mixture is kept overnight in the absence of ethylene
and silane). Finally, when Hj is bubbled into the
reaction mixture at the end of a run (for example such
as in entry 2), hydrogenation of the vinylsilane is rapidly
achieved and the saturated silane 3 is obtained in 100%
yield. We must notice that under the same conditions
as entry 1 or 5, less than 5% conversion of HSiEt; was
obtained using Rus(CO)12 or Ru(COD)COT) instead of
1 as catalysts.

Having established that 1 is a powerful catalyst, we
sought mechanistic information. Bubbling ethylene into
a pentane solution of 1 results in the formation of RuH-
[(73-CeHg)P(CgH11)2J(CoH)(PCys) (4).8 At 223 K, the
hydride signal for 4 is observed as a doublet of doublets
at 6 —7.1, Jp-g = 18.9 and 26.2 Hz, and as a singlet
upon %P decoupling. The 3'P{'H} NMR spectrum
displays an AB pattern (6 82.2 and 42.2, Jp_p = 283
Hz). Particularly diagnostic for the allyl ligand are the
13C NMR spectra (JMOD and 13C{31P}). The doublets
at 6 77.9 (Jo—ug = 161 Hz), 6 67.0 (Jc-yg = 150 Hz), and

(6) The reaction of 1 with C;H, was previously described as
producing a bis(ethylene) complex.?¢ Additional data, particularly from
13C NMR spectra, lead us to reformulate the complex as RuH[(5-
CgHg)P(CsH11):l(C2H)(PCys) (4). Complex 4: A suspension of 1 (500
mg; 0.75 mmol) in pentane (30 mL) was placed in a Fischer—Porter
bottle, which was pressurized to 3 bar of ethylene. After immediate
dissolution, a white solid precipitated (yield 87%). When ethylene was
bubbled, the precipitation was slower. Anal. Calcd for RuCssHeggPs:
C, 66.3; H, 10.0. Found: C, 66.4; H, 10.4. 'H NMR (250 MHz, 223 K,
CyDg): 6 ~7.1(dd, Jp-x = 18.9 and 26.2 Hz, Ru—H), 3.24, 3.39, 3.74,
4.26, 5.19, 5.32, 5.54 (all br, 1H each; allylic and ethylenic protons).
31p{1H} NMR (81.015 MHz, C¢Ds): & 82.2, 42.2 (Jp-_p = 283 Hz). 13C
NMR (50.32 MHZ, CeDe): 8779 (d, JC—H =161 HZ, Cz), 67.0 (d, JC-H
= 150 Hz, C;), 45.8 (d, Jo-u = 156 Hz, C3), 42.3 (dd, Jc-u = 130 Hz,
Jo-p = 19 Hz, Cy); the ethylenic carbons are presumably hidden by
the multiplets of the cyclohexyl carbons between 6 27 and 33.
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Scheme 1
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0 45.8 (Jo—pg = 156 Hz) are assigned to the three allylic
carbons (see Scheme 1).

Addition of HSiEt; to 4 leads to the new complex Ru-
(H)o(SiEt3)[(173-CsHg)P(CeH11)21(PCys3) (5), a formally Ru-
(IV) complex resulting from oxidative addition (see
Scheme 1).” The two hydride ligands for 5 give a broad
triplet (0 —9.54, Jp_g = 17 Hz) and a doublet of doublets
of doublets (6 —12.63, Jp-y = 57 Hz, Jp-y =25 Hz, Jy_n
= 5 Hz), whereas an AB pattern (6 79.9 and 65.4, Jp_p
= 18 Hz) is observed in the 31P{1H} spectrum. The low
Jp_p value is in agreement with a formally heptacoor-
dinated structure in which the two phosphines are not
in a trans position any more. Finally, upon exposure
of 5 to CoH,4, we successfully regenerate 4.

1H and 3P NMR monitoring of the catalytic reaction
at different temperatures revealed that 1 is converted
into the complex RuH[(%3-CsHg)P(CsH11)2)(C2H4)(PCys)
(4).8 4 is observed during all of the catalysis and is the
only detected complex after total conversion of HSiEts.
Realizing that the catalytic cycle is entered by reaction
of 1 with CoHy to produce 4, we generated a long-lived
catalyst system by simply starting with isolated complex
4 (entries 6 and 7); it is noteworthy that there is no
reaction between 4 and 2, which favors the catalytic
formation of 2. When the reaction was carried out
under 20 bar of CyHy at 17 °C with the HSiEt;:4 ratio
equal to 1000:1, total conversion of HSiEt; was observed
in less than 15 min and 2 and 3 were obtained in a 93:7
ratio (eq 3).° Finally, 5 was also found to be an effective
catalyst precursor (entry 8), therefore suggesting its
participation in the catalytic cycle.

(7) Complex 5: Et3SiH (89 uL; 0.56 mmol) was added to a solution
of 4 (200 mg; 0.28 mmol) in pentane (200 mL). After the mixture was
stirred overnight at room temperature, the yellow solution was
concentrated to 20 mL, affording a gray solid on storing at —20 °C for
3 h (yield 91%). Anal. Caled for RuC,HgoPoSi: C, 65.0; H, 10.41.
Found: C, 65.4; H, 10.7. 'H NMR (250 MHz, C¢Dg): & —12.63 (ddd,
Jp-u = 57 and 25 Hz, Jy-ug = 5 Hz, Ru—H), —9.54 (br t, Jp_y = 17 Hz,
Ru—-H), 1.08 (q, Ju-u = 8 Hz, SiCH,CHjy), 1.48 (t, Ju-u = 8 Hz,
SiCH,;CHs), 3.14 (br, 1H), 3.98 (br, 1H), 4.95 (pseudo t, 1H, J = 6 Hz).
31P{1H} NMR (81.015 MHz, C¢D¢): 6 79.9, 65.4 (Jp-p = 18 Hz).

(8) We have previously shown that stoichiometric reaction of HSiPhg
with 1 yields within 5 min the complex RuHy(Hp)YHSiPhs)(PCys)e.2
When HSiEt; is used, the reaction is much slower and 1 and the new
complex RuH2(Hz)(HSiEts)(PCys)z (6) could not be separated. Under
ethylene, this mixture regenerates 4 and the organic products 2 and
3. The competitive formation of 6 and 4 could be responsible for the
different selectivity observed when HSiEt; is added to 1 prior to
bubbling ethylene.

(9) Under conditions of [4] = 18 mg (0.025 mmol) and [HSiEt;] = 4
mL (25 mmol), the initial turnover rate is ca. 3 s~ (mol of 4)!. The
reaction is essentially first order in HSiEts.



1084 Organometallics, Vol. 14, No. 3, 1995

bar of C,H,,
0o % §, OH,~CHSIEt, + SiEt, (3)

HSiEt, 17 °C, 15 min
930 70

1000

The present results clearly indicate that the bis-
(dihydrogen) complex 1 is an effective precursor for the
catalytic reaction of silane with ethylene but is not
involved in the catalytic cycle producing vinylsilane.
Indeed, 4 is the catalyst resting state and the formation

Communications

of the vinylsilane 2 is promoted by high olefin-to-silane
ratios. Further exploration of the activity of 4, the first
complex presenting such a dehydrogenated cyclohexyl
ligand on a cyclohexylphosphine, is currently in progress.

Acknowledgment. M.L.C. thanks the CONACYT
(Mexico) for support.
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Summary: Metal-coordinated 1,3-dimethylimidazolin-2-
ylidene ligands undergo osmylation by means of osmium
tetraoxide to yield a new type of bimetallic, redox-stable
complexes with metals in very different oxidation states
fe.g. Cr'/0sV), This oxy functionalization does not
influence the metal—carbene bond in a significant way
(IR and NMR spectra, single-crystal X-ray diffraction
structure).

Carbenes which are derived from imidazolium and
pyrazolium salts have long been known as ligands in
transition-metal chemistry.2 The isolation of the free
monomeric ligand 13 has spurred renewed interest in

T
H_-N
\
Lo

/
)
R

1

this subject. The attractiveness of these ligands is due
both to their easy availability and to their stability.
Acting as strongly nucleophilic ligands, heterocyclic
carbenes behave in metal coordination chemistry like
the widely used phosphines,!* with a-back-bonding
being of little or no importance. In the present paper,
we describe the osmylation of metal-attached carbenes.

Treatment of an ether solution of the metal complexes
2a—c of the CC-unsaturated carbene 1 (R = CHj3) with
osmium tetraoxide in the presence of pyridine results
in the bimetallic complexes 3a—c as brown precipitates
(vields >80%). The products are stable in air and
dissolve in polar solvents (eq 1). The crystallographi-
cally determined structure of the chromium derivative

* Heterocyclic Carbenes. 2. Part 1: Reference 1.

# Dedicated to Professor Herbert W. Roesky on the occasion of his
60th birthday.

§ Kekulé Fellow of the Verband der Chemischen Industrie, Frank-
furt am Main, Germany, 19931994,

® Abstract published in Advance ACS Abstracts, February 1, 1995.
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3a (single-crystal X-ray diffraction) and the spectro-
scopic data reveal a cis addition of osmium tetraoxide
across the C=C bond of the heterocyclic carbene. An
osmate ester’~7 and a metal carbene,® both of which are
known as separate molecules, are connected in 3a—c
by oxy-functionalized 1,3-dimethylimidazolin-2-ylidene
ligands (Figure 1). Obviously, the metal carbonyl
fragment is kinetically resistant against oxidation; no
interaction is observed in the system OsVII/Cr?, with
the cyclic voltammetry Ey» data amounting to +1.4 V
(irreversible) and —1.1 V (irreversible) vs Ag/AgCl for
3b.

The individual molecular structures of the compo-
nents (Cr9—carbonyl and OsV!—ester) differ only slightly
from the monomolecular examples. The shorter C(car-
bene)—N bond and the elongated N—C(3,4) bond® may
be explained by the disappearance of a certain z-delo-
calization within the planar carbene moiety of 2a or by
changes in the hybridization at C3 and C4 as a
consequence of the CC cross addition of osmium tet-
raoxide. The C—C distance (1.523(6) A) is in the normal

(5) Herrmann, W. A.; Eder, S. J.; Scherer, W. Chem. Ber. 1993, 126,
39—43.

(6) (a) Criegee, R. Justus Liebigs Ann. Chem. 1936, 522, 75—96. (b)
Criegee, R. Angew. Chem. 1937, 50, 153—155. (c) Criegee, R.; March-
and, B.; Wannowius, H. Justus Liebigs Ann. Chem. 1942, 550, 99—
133.

(7) (a) Hentges, S. G.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102,
4263—4365. (b) Johnson, R. A.; Sharpless, K. B. In Catalytic Asym-
metric Synthesis; Ojima, 1., Ed.; VCH: Weinheim, Germany, 1993; pp
227-272.

(8) Kuhn, N.; Kratz, T.; Boese, R.; Bldser, D. J. Organomet. Chem.
1994, 470, C8—C11.

(9) Ackermann, K.; Hofmann, P.; Kshler, F. H.; Kratzer, H.; Krist,
H.; Ofele, K.; Schmidt, H. R. Z. Naturforsch. 1983, 38B, 1313—1324.
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Figure 1. PLATON drawing of the crystal and molecular
structure of 3a. Thermal ellipsoids are drawn at the 50%
probability level. Selected distances (A) and angles (deg):
0s1-01, 1.966(3); Os1-02, 1.955(3); Cr1—C1, 2.129(4);
Cr1—-C8, 1.879(5); 01—-C3, 1.411(5); 02—C4, 1.405(5); N1—
C1, 1.342(5); N1-C3, 1.468(5); N2—C1, 1.349(5); N2—C4,
1.470(5); C3—C4, 1.523(6); 02—0s1-01, 83.8(1); C8—Crl~
C1, 177.6(2); C3—01-0s1, 111.5(2); C4—02-0s1, 112.5-
(2); C3—-N1-C1, 114.2(3); C4—N2-C1, 113.8(3); N1-C1~
Crl, 126.7(3); N2—-C1-Cr1, 126.8(3); N2—-C1-N1, 106.5(3);
N1-C3-01, 110.9(4); C4—C3-01, 112.6(4); C4—C3—N1,
102.5(3); N2—C4-02, 110.1(3); C3—C4—-02, 113.2(4); C3—
C4—-N2, 102.3(3).

range of single bonds. It is much shorter in 2¢ (1.355-
(13) A)® and in the free carbene 1 (1.338(3) A, R =
adamantyl3c). The osmate ester fragment shows the
typical trans O=0s=0 structure.

The osmacycle adopts an envelope conformation (Os
at a distance of 0.547 A off the plane of 01,02,C3,C4).
This results in a boat-shaped conformation of the
molecule.l® Cr—Os electron transfer is blocked by the
bending of the complex at the C—C bond (N1-C3-01
angle 110.9(4)°; N2—-C4~02 angle 110.1(3)°).1°

The structure of 3a—c is retained in solution as shown
by IR and NMR spectra. The reduction of the symmetry
of the M(CO)s fragment which is caused by the OsO4
addition results in three (instead of two) CO valence
vibrations.!! The new oxygenated carbene ligand is

(10) X-ray crystal structure determination: the chromium/osmium
complex 3a of formula Cy0H13CrN,OgOs crystallized from chloroform
at 25 °C in the triclinic space group P1 witha = 8.184(2) A, b = 11.979-
(3)A, ¢ = 12227 A, € = 93.91(2)°, § = 95.77(2)°, y = 93.22(2)°, V =
1187.4(5) A3, Z = 2, gcate = 1.96 g e =3 T = —50 % 8 °C, Fooo = 676, Mo
Ko radiation, CAD4 Enraf-Nonius, w-scan (maximum 60 s), 4381
measured reflections (1° < @ < 25.0°), 240 with negative intensity (I
< 0.010(D)), 378 reflections merged, 3943 independent reflections, 3943
of which with I > 0.00(I) used for the refinement. The structure solution
was obtained by Patterson methods.!® All hydrogen atoms were
detected from difference Fourier syntheses and were freely refined.’4
No intensity correction was used; the empirical absorption correction
is based on y-scan data (u = 58.7 cm™!): w = Vo¥F,), R = Z(||F,| —
|F| | YEIF,| = 0.026; Ry, = [Sw(|F,| — |F )2 ZwIF,|? ]2 = 0,020, residual
electron density +1.31 e A-3 (1.01 A near Os1), minimum —0.87 e A-3.
For further details of the crystal structure determination, the Fachin-
formationszentrum Karlsruhe, Gesellschaft fiir wissenschaftlich-
technische Information mbH, D-76344 Eggenstein-Leopoldshafen,
Germany, may be contacted; quote the reference number of this paper,
the names of the authors, and the registration number CSD-58805.

(11) Adams, D. M. Metal-Ligand and Related Vibrations; Edward
Arnold: London, 1960.
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seen to be slightly more C-nucleophilic than its precur-
sor 1: the trans-coordinated CO group is less involved
in the back-bonding to the zerovalent metal centers (IR
data).

The addition of OsO4 to the C=C bond of the carbene
ligands results in a high-field shift of the NMR signals
as a consequence of the new CH—O bonds in 8 (*H
NMR: 2a 6(CH) 7.11, 3a 6(CH) 5.30; 13C NMR: 2a é-
(CH) 124.29, 3a 6 (CH) 103.18). The number of NMR
signals shows the symmetrical bonding of the osmate
ester to the metal-coordinated carbene ligand. The oxy
derivatization has only a small influence on the UV/
vis spectra.12
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(12) Pentacarbonyl{0,0'-((bis(pyridine)dioxoosmium)-1,3-
dimethyl-4,5-dioxoimidazolidin-2-ylidene]chromium (3a): 88 mg
(0.35 mmol) of OsO4 and 0.06 mL (0.70 mmol) of dry pyridine are
dissolved in 10 mL of ether. To this solution are added 100 mg of 2a
(0.35 mmol) in 10 mL of ether. The mixture is stirred for 12 h. During
the reaction a brown microcrystalline solid precipitate is obtained. After
the solvent is decanted, the solid is washed with ether and then dried
in vacuo. Yield: 203 mg (83%). IR (KBr; cm™1): 2052 (m, »(C0O)), 1969
(s, (COY), 1912 (vs, v(CO)), 1431 (m), 1048 (m), 843 (s, 1(O=0s=0)).
H-NMR (CDCl3, 270 MHz, 20 °C): & 3.32 (s, 6H, NCHjy), 5.30 (s, 2H,
NCH), 7.50 (t, 4H, py H-3), 7.92 (t, 2H, py H-4), 8.81 (d, 4H, py H-2).
1BBC{'H} NMR (CDCl;, 67.6 MHz, 20 °C). § = 35.30 (NCH3), 103.18
(NCH) 125.65 (py C-3), 141.17 (py C-4), 149.31 (py C-2), 188.34 (C
carbene), 218.44 (CO), 222.27 (CO). UV/vis (CHCl; 20 °C: Apex, nm
(e, Lmol~! cm~1)): 246 (20 350), 346 (2400). Mp: >320 °C. Anal. Found
(caled) for CyoH,5CrN4Og0s (700.58): C, 34.29 (33.80); H, 2.59 (2.63);
N, 8.00 (7.76). Pentacarbonyl{0,0'-((bis(pyridine)dioxoosmium)-
1,3-dimethyl-4,5-dioxoimidazolidin-2-ylidenelmolybdenum (3b).
Yield: 80%. IR (KBr; cm~1): 2061 (m, »(CO)), 1974 (s, »(CO)), 1916
(vs, ¥(CO)), 1451 (m), 1048 (m), 842 (s, ¥(O=0s=0)), 603 (m). 'H NMR
(CDCl3, 270 MHz, 20 °C): 6 3.29 (s, 6H, NCHjy), 5.34 (s, 2H, NCH),
7.51 (t, 4H, py H-3), 7.91 (t, 2H, py H-4), 8.82 (d, 4H, py H-2). 13C{1H}
NMR (CDCl, 67.6 MHz, 20 °C): § 35.82 (NCHj), 103.43 (NCH), 125.58
(py C-3), 141.21 (py C-4), 149.32 (py C-2), 186.59 (C carbene), 207.21
(C0O), 214.99 (CO). EI-MS (70 eV): m/z 192 ([Os]", relative intensity
1%), 128 ({CsHgN20:1*, 3%), 112 ([CsHeN2O1*, 3%), 79 (ICsHsN1Y, 67%).
UV/vis (CHoCly, 20 °C; Amax, nm (¢, L mol~! cm™1)): 248 (16 960), 262
(15 720), 358 (2260). Mp: 310 °C dec. Anal. Found (caled) for CooHjs-
MoN,Oy0s (744.52): C, 32.27 (32.25); H, 2.44 (2.47); Mo, 12.89 (12.83);
N, 7.53 (7.44); O, 19.34 (19.43). Pentacarbonyl[0,0’-((bis(pyridine)-
dioxoosmium)-1,3-dimethyl-4,5-dioxoimidazolidin-2-ylidene]-
tungsten(3c). Yield: 85%. IR (KBr; cm~1): 2060 (s, v(CO)), 1966 (s,
1(CO)), 1900 (vs, v(COY), 1451 (m), 1048 (m), 842 (s, v(0=0s=0)), 601
(m). *H NMR (CDCl;, 400 MHz, 20 °C): § 3.30 (s, 6H, NCH3), 5.35 (s,
2H, NCH), 7.52 (t, 4H, py H-3), 7.92 (t, 2H, py H-4), 8.82 (d, 4H, py
H-2). 3C{IH} NMR (CDCl;, 100.51 MHz, 20 °C): é 36.69 (NCHj),
103.22 (NCH), 125.71 (py C-3), 141.21 (py C-4), 149.35 (py C-2), 178.00
(C carbene), 198.77 (CO), 202.04 (CO). UVAvis (CH5Clg, 20 °C; Amas,
nm (¢, L mol~1 cm~1)): 242 (34 510), 288 (5920), 360 (1550). Mp: >320
°C. Anal. Found (caled) for CooH1sN4O90sW (832.38): C, 28.86 (27.92);
H, 2.18 (2.47); N, 6.73 (6.79); O, 17.30 (17.71); W, 22.08 (22.55).

(13) Sheldrick, G. M. SHELXS-86; Universitit Géttingen, Géttingen,
Germany, 1986.

(14) Watkin, D. J.; Betteridge, P. W.; Carruthers, J. R. CRYSTALS;
Oxford University Computing Laboratory, Oxford, UK., 1986.




Organometallics 1995, 14, 1087—1088 1087

Formation of Indenyl Dihydride Complexes from an
Iridium Polyhydride Complex: Molecular Structures of
(75-CoH7)IrH2(PPri;s) and the n3-Indenyl Intermediate
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Summary: The reaction of IrHs(PPris); and indene at 60
°C leads to the formation of (p3-CoH ) IrHy(PPriy); and
(5-CoH)IrHxPPris). The molecular structures of these
products have been determined by single crystal X-ray
diffraction studies. The *-indenyl complex is stable only
in the solid state and converts to the n°-indenyl complex
product upon dissolution.

Recently, Jones reported that the polyhydride complex
ReH7(PPhj)s reacts with indene to produce hydrido #5-
indenyl and z?-indanyl complexes.! We have found that
the iridium polyhydride complex IrHs(PPris); (1) also
reacts with indene to produce a hydride #n5-indenyl
complex. However, unlike the rhenium system, a hy-
drido #3-indenyl complex is also obtained. We wish to
report the synthesis and molecular structures of the
iridium indenyl hydride complexes.

The title complexes are obtained in major yield upon
heating 1 (0.600 g, 1.2 mmol) with excess indene (2.7
mL, 23 mmol) in benzene (50 mL) at 60 °C for 4 days
as seen in Scheme 1. Recrystallization of the crude
reaction mixture from pentane gave rise to a mixture
of distinctively different, red crystals of (73-CoH7)IrHz-
(PPri3)z (2) and orange crystals of (75-CoHyp)IrHg(PPris)
(3). Both types of crystals were suitable for X-ray
diffraction. Diagrams of the determined molecular
structures? and selected bond distances for the com-
pounds are presented in Figures 1 and 2, respectively.
Although the hydride ligands could not be reliably
located, their position can be inferred from the observed
molecular geometries. The presence of the hydride
ligands was confirmed through solid state infrared
spectroscopy of KBr pellets of the complexes. Ir—H
stretches were observed at 2213 and 2174 cm™! for 2
and at 2230 and 2159 cm™1 for 8.

The structures determined for 2 and 3 allow the
comparison of a pair of highly related »3- and #5-
coordinated indenyl complexes. The n®-indenyl ligand
of 2 is coordinated in an #3-allyl fashion, as the Ir—C(2)
bond length is significantly shorter than the Ir—C(1) and
Ir—C(3) bond distances. Similar coordination was found

@ Abstract published in Advance ACS Abstracts, February 15, 1995.

(1) Rosini, G. P.; Jones, W. D. J. Am. Chem. Soc. 1993, 115, 965.

(2) (a) Crystallographic data for 2: monoclinic, P2y/n, Z = 8 (2
symmetry-independent molecules of 2 per asymmetric unit), o = 8.515-
(®) A, b=234.73(2) A, ¢ = 19.044(11) A, B = 91.45(4)°, V = 5630(5) A3,
Ocale = 1.479 g/cm?; Nicolet P3 diffractometer, Mo Ka radiation (4 =
0.710 73 A); 6099 independent reflections with 4° < 26 < 40° collected,
5310 reflections used in refinement with I > 30(I); R = 0.047, Ry, =
0.057, GOF = 1.62, Two of the carbons of one of the symmetry-
independent molecules of 2 could not be refined anisotropically. (b)
Crystallographic data for 3: triclinic, P1, Z = 4 (2 symmetry-
independent molecules of 8 per asymmetric per unit), a = 9.355(2) A,

= 14.012(3) A, ¢ = 15.535(3) A, a = 63.45(3)°, § = 89.20(3)°, ¥ =
88.49(3)° = 1821.0(7) A3, Qcaic = 1.705 g/cm?; Nicolet P3 diffractometer,
Mo Ka radiation (A = 0.71073 A); 3689 independent reflections with
3° < 260 < 40° collected, 3408 reflections used in refinement with I >
30(); R = 0.028, R, = 0.037, GOF = 1.24.
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Figure 1. Projection of (73-CoH7;)IrHy(PPris); (2) with the
thermal ellipsoids at 50% probability. Selected bond lengths
(A): Ir(1)-C(1) = 2.266(2), Ir(1)—C(2) = 2.121(3), Ir(1)—
C(3) = 2.286(2). The hydrogen atoms have been omitted
for clarity.
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2 3

by Merola for the 73-indenyl ligand of (#3-CgHqy)Ir-
(PMe3)s.2 The #5-coordination of the five-membered
indenyl ring of 3 entails extensive ring slippage, as
depicted in Figure 3. The Ir—C bonds involving the
carbons also contained in the six-membered ring are
pronouncedly lengthened. This is similar to the bonding
situation found* for [(5-CoH7)IrH(PPh3):]1*. However,
unlike the case for the monohydride complex, the
hydride trans influence in 3 also results in a significant
lengthening of the Ir(1)—C(3) bond.

The observed orientation of the indenyl and phosphine
ligands in 8 is not in accordance with the general trends

(3) Merola, J. S.; Kacmarcik, R. T.; Van Engen, D. J. Am. Chem.
Soc. 19886, 108, 329.

© 1995 American Chemical Society
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Figure 2. Projection of (7°-CoH7)IrHa(PPris) (8) with the
thermal ellipsoids at 50% probability. Selected bond lengths
A): Ir(1)-C(1) = 2.249(1), Ir(1)—C(2) = 2.244(1), Ir(1)—
C(3) = 2.304(1), Ir(1)-C(4) = 2.399(1), Ir(1)-C(9) =
2.380(1). The hydrogen atoms have been omitted for clarity.

Figure 3. Projection of (#5-CoH;)IrHy(PPri;) (8) along the
plane normal to the five-membered ring.

=

Expected Observed

Figure 4. Schematic drawings of the expected and ob-
served conformations of (5-CoH7)IrHo(PPrip) (8).

in the conformations of indenyl complexes outlined by
Faller and Crabtree.* In view of the relative trans
influence of hydride and phosphine ligands, the confor-
mation illustrated in Figure 4, in which the phosphine
eclipses the indenyl ligand and the hydrides are transoid
to the indenyl ligand, would be expected. As seen in
Figure 3, the phosphine is found instead to be in a
staggered orientation with regard to the indenyl ligand.
Apparently, steric factors prevent 3 from assuming the
electronically preferred conformation.

In contrast to the case for the solid state, only one
complex and free triisopropylphosphine are detected by
IH, 13C, and 3!P NMR spectroscopy of the product
mixture dissolved in CDsCls.5 The observed complex is
readily identified as 3. The doublet resonance observed
in the TH NMR spectrum for the hydride ligands at
~21.9 ppm (Jp-i = 26.0 Hz) establishes the monophos-
phine formulation, and the resonances observed for the

(4) Faller, J. W.; Crabtree, R. H.; Habib, A. Organometallics 1985,
4, 929
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n%-indenyl ligand are very similar to those reported by
Bergman for (5-CoH7)IrHa(PMe3).8 We do not observe
any of the resonances which Merola has shown to be
diagnostic of an iridium #%-indenyl complex® or ad-
ditional resonances in the hydride region. Infrared
spectroscopy of the product mixture dissolved in pentane
confirms that a single dihydride complex is present in
solution, as only two Ir—H stretches are observed at
2221 and 2142 em~1. We conclude that 2 undergoes loss
of phosphine and conversion to 3 as seen in Scheme 2
upon dissolution. Attempts to reverse this process by
addition of excess triisopropylphosphine led instead to
a complicated mixture of unidentified products.

The microreverse of the process in Scheme 2, ring
slippage followed by capture of a coordination site by
an incoming ligand, has often been proposed to occur
in the reactions of rhodium and iridium hydrido com-
plexes containing n5-aromatic ligands. For example,
Jones has proposed that such sequences occur during
the displacement of CsMesH from (#75-CsMes)RhHs-
(PMes); (4) by PMe;.” Previous structural characteriza-
tions of #3-indenyl complexes®® have lent support for
such mechanisms. Our results provide more direct
evidence for #3-indenyl intermediates in the reactions
of rhodium and iridium hydrido complexes containing
nB-aromatic ligands. Moreover, these results illustrate
that the energetically preferred distribution of com-
plexes containing n®- and #%-bonded aromatic ligands
can be drastically different in solution than in the solid
state.
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(5) Spectroscopic data for 8: *H NMR (500.1 MHz, CD.Cl;) 6 7.28
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H, Jy_u = 26.0 Hz); 3P NMR (121.7 MHz, CD.Cl;) 6 47.6 (s); 1*C NMR
(125.7 MHz, CD.Cl,) 6 122.9 (s), 122.0 (s), 109.5 (8), 86.3 (s), 64.3 (s),
27.9 (d, Je—p = 31.5 Hz), 20.0 (s).

(6) Foo, T.; Bergman, R. G, Organometallics 1992, 11, 1801.

(7) Jones, W. D.; Kuydendal, V. L.; Selmeczy, A. D. Organometallics
1991, 10, 1577.
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references therein.




Organometallics 1995, 14, 1089—1091 1089

Polymeric Organosilicon Systems. 24. Anionic
Polymerization of
4,5,10-Trisilabicyclo[6.3.0]lundeca-1(11),8-diene-2,6-diynes
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Summary: Anionic ring-opening polymerization of cyclic
silole derivatives has been reported. The reaction of 4,5,-
10-trisilabicyclo[6.3.0Jundeca-1(11),8-diene-2,6-diynes with
a catalytic amount of tetrabutylammonium fluoride
afforded polymers that have a regular alternating ar-
rangement of a disilanylene unit and 3,4-diethynylene-
substituted silole system.

Current interest has focused on the synthesis of
gilicon-containing polymers that can be used as func-
tionality materials.! It is of interest to us to synthesize
alternating disilanylene polymers that have an electron-
deficient group such as a silole unit in the polymer
backbone, because these polymers might produce n-type
conducting materials.2 Recently, we have found that
1,2,5 6-tetrasilacycloocta-3,7-diynes undergo anionic,%2
thermal,® and radical-induced?® ring-opening polymer-
ization to give poly[(disilanylene)ethynylenes] with high
molecular weights. As a part of our continuing inves-
tigations concerning the design and synthesis of silicon-
containing functionality materials, we have prepared a
new type of the polymer that has a regular alternating
arrangement of a disilanylene unit and 3,4-diethy-
nylene-substituted silole system in the polymer back-
bone. Our strategy for the synthesis of this type of
polymer involves the anionic ring-opening reaction of
the cyclic silole derivatives 4,5,10-trisilabicyclo[6.3.0]-
undeca-1(11),8-diene-2,6-diynes. To our knowledge,
only two types of polymers involving silole rings in the
main chain have been prepared so far.*5

The starting siloles 4,4,5,5,10,10-hexamethyl-, 4,4,5,5-
tetraethyl-10,10-dimethyl-, and 4,5-dibutyl-4,5,10,10-

® Abstract published in Advance ACS Abstracts, February 1, 1995.

(1) For example: (a) Ishikawa, M.; Nate, K. In Inorganic and
Organometallic Polymers; Zeldin, M., Wynne, K. J., Allcock, H. R., Eds.;
ACS Symposium Series 360; American Chemical Society: Washington,
DC, 1988; Chapter 16. (b) Nate, K.; Ishikawa, M.; Ni, H.; Watanabe,
H.; Saheki, Y. Organometallics 1987, 6, 1673. (c) Ohshita, J.; Kanaya,
D.; Ishikawa, M.; Yamanaka, T. J. Organomet. Chem. 1989, 369, C18.
(d) Hong, H.; Weber, W. P. Polym. Bull. 1989, 22, 363. (e) Hu, S.;
Weber, W. P. Polym. Bull. 1989, 21, 133. (f) Ishikawa, M.; Hasegawa,
Y.; Kunai, A. J. Organomet. Chem. 1990, 381, C57. (g) Ohshita, J.;
Kanaya, D.; Ishikawa, M.; Koike, T.; Yamanaka, T. Macromolecules
1991, 24, 2106. (h) Ohshita, J.; Ohsaki, H.; Ishikawa, M. Bull. Chem.
Soc. Jpn. 1993, 66, 1795. (i) Ohshita, J.; Kanaya, D.; Ishikawa, M. J.
Organomet. Chem. 1994, 468, 55.

(2) Although the conducting polymers with semiconducting levels
have been obtained by treating the alternating disilanylene polymers
having various 7n-electron systems with SbFs, FeCls, and I, all of them
are p-type conducting (see ref 3a and also see: Ishikawa, M.; Sakamoto,
H.; Ishii, M.; Ohshita, J. J. Polym. Sci. A: Polym. Chem. 1993, 31,
3281. Fukushima, M. Industrial Science and Technology Frontier
Program: The 2nd Symposium on Silicon-Based Polymers; Japan High
Polymer Center: Tokyo, 1994; extended abstracts pp 183—-191).

(8) (a) Ishikawa, M.; Hatano, T.; Hasegawa, Y.; Horio, T.; Kunai,
A.; Miyai, A.; Ishida, T.; Tsukihara, T.; Yamanaka, T.; Koike, T';
Shioya, J. Organometallics 1992, 11, 1604. (b) Ishikawa, M.; Horio,
T.; Hatano, T.; Kunai, A. Organometallics 1993, 12, 2078.

(4) Tamao, K.; Yamaguchi, S.; Shiozaki, M.; Nakagawa, Y.; Ito, Y.
J. Am. Chem. Soc. 1992, 114, 5867.
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tetramethyl-4,5,10-trisilabicyclo[6.3.0]lundeca-1(11),8-
diene-2,6-diynes (5a—c) were prepared by the series of
reactions shown in Scheme 1. Treatment of 1,4-bis-
(trimethylsilyl)butadiyne® with 1,1,2,2-tetramethyldi-
silane’ in the presence of a catalytic amount of dichlo-
robis(triethylphosphine)nickel(IT) in THF at reflux tem-
perature for 26 h gave a mixture of 1,1-dimethyl-2,5-
bis(trimethylsilyl)-3,4-bis((trimethylsilyl)ethynyl)-
silole (1) and 1,1,4,4-tetramethyl-2,5-bis(trimethylsi-
1y1)-3,6-bis((trimethylsilyl)ethynyl)-1,4-disilacyclo-
hexa-2,5-diene (2).8 The reaction of this mixture with
methanol in the presence of a catalytic amount of
potassium hydroxide at 50 °C for 1 h afforded the
respective desilylated products (3 and 4). Diethynyl-
silole 3,° thus formed, could be readily separated from
4% by column chromatography. Compounds 8 and 4
were obtained in 27% and 11% isolated yields, respec-
tively, from the starting 1,4-bis(trimethylsilyl)butadiyne.
Treatment of 3 with 2 equiv of lithium diisopropylamide
at —70 °C for 0.5 h, followed by the reaction of the
resulting dilithio compound with 1,2-dichlorotetra-
methyldisilane,!! produced the cyclic silole derivative
Ba, with a 4,5,10-trisilabicyclo[(6.3.0jundeca-1(11),8-
diene-2,6-diyne ring structure,!? in 8% yield. Similar
treatment of the dilithio compound with 1,2-dichlorotet-
raethyl-%2 and 1,2-dibutyl-1,2-dichlorodimethyldisilane32
afforded the respective siloles (5b1% and 5¢!4) in 54%
and 39% yields.

(5) (a) Corriu, R. J. P.; Douglas, W. E.; Yang, Z.-X. J. Organomet.
Chem. 1998, 456, 35. (b) Bréfort, J. L.; Corriu, R. J. P.; Gerbier, P.;
Guérin, C.; Henner, B. J. L.; Jean, A.; Kuhlmann, T. Organometallics
1992, 11, 2500.

(6) Walton, D. R. M.; Waugh, F. J. Organomet. Chem. 1972, 37, 45.

(7) Urenovitch, J. V.; West, R. J. Organomet. Chem. 1965, 3, 138.
For 1,1,2,2-tetramethyldisilane: MS m/z 118 (M*); 'H NMR (6 in
CDCl3) 0.14 (d, 12H, MeSi, J = 3.3 Hz), 3.69 (m, 2H, HSi).

(8) Okinoshima, H.; Yamamoto, K.; Kumada, M. J. Am. Chem. Soc.
1972, 94, 9263.

(9) Compound 3: mp 49—50 °C; MS m/z 302 (M*); UV Apex (THF
solution) 238 nm (e = 18 600), 333 nm (¢ = 2700); IR vc=cy 3303, ve=c
2094 em~!; 'H NMR (6 in CDCly) 0.21 (s, 18H, Me3Si), 0.24 (s, 6H,
Me;Si), 3.33 (s, 2H, ethynyl protons); 13C NMR (8 in CDCl;) —3.88 (Me;-
Si), —0.75 (Me3Si), 82.57, 82.95 (C=C), 144.44, 156.10 (C=C); 2Si NMR
(6 in CDCl3) —8.07 (Me3Si), 24.97 (MesSi). Anal. Caled for CiH26Sis:
C, 63.50; H, 8.66. Found: C, 63.34; H, 8.66.

(10) Compound 4: mp 136138 °C; MS m/z 360 (M*); IR vemcy 3282
cm~t; 'H NMR (6 in CDCl3) 0.25 (s, 18H, Me3Si), 0.30 (s, 12H, Me,Si),
3.70 (s, 2H, ethynyl protons); 3C NMR (6 in CDCl;) —0.84 (Me;Si),
0.70 (Me3Si), 86.25, 89.94 (C=C), 154.10, 172.36 (C=C); 29Si NMR (8
in CDCl3) —7.71 (Me3Si), —24.47 (MeySi). Anal. Caled for CygHgeSia:
C, 59.92; H, 8.94. Found: C, 59.88; H, 8.91.

(11) Kumada, M.; Yamaguchi, M.; Yamamoto, Y.; Nakajima, J.;
Shiina, K. J. Org. Chem. 1956, 21, 1264.

(12) Compound 5a: mp 198—199 °C dec; MS m/z 416 (M™*); UV Anax
(THF solution) 225 nm (¢ = 36 900), 250 nm (¢ = 24 400), 340 nm (¢ =
3400); IR ve=c 2108 cm~1; TH NMR (6 in CDCl3) 0.206 (s, 18H, Me;sSi),
0.214 (s, 6H, MesSi in silole ring), 0.30 (s, 12H, Me,Si—Si); 1*C NMR
(6 in CDCl3) —3.65 (Me,Si in silole ring), —2.78 (Me2Si—Si), —0.34 (Mes-
Si), 105.40, 115.28 (C=C), 147.15, 149.86 (C=C); 298i NMR (J in CDCl3)
—31.48 (Me,Si—Si), —7.63 (MesSi), 27.40 (MeSi in silole ring). Anal.
Caled for CooHgeSis: C, 57.62; H, 8.70. Found: C, 57.55; H, 8.58.
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Compounds 5a—c readily undergo the anionic ring-
opening polymerization in the presence of a catalytic
amount of tetrabutylammonium fluoride (2 mol %) to
give the respective alternating polymers with high
molecular weights in high yields. In a typical experi-
ment, a mixture of 195 mg (0.412 mmol) of silole 5b and
0.008 mmol (2 mol %) of tetrabutylammonium fluoride
in 1 mL of THF dried over Na—K alloy was stirred in a
sealed tube at room temperature for 20 h. After
addition of a few drops of Mel, the mixture was poured
into ca. 50 mL of methanol. Then, the resulting solid
was filtered off and dried under reduced pressure to give
169 mg (87% yield) of poly[(1,2-diethynylenetetraeth-
yldisilanylene)(1,1-dimethyl-1-silacyclopenta-2,4-diene-
3,4-diyl)] (6b)!® with a molecular weight of My, = 30 300
My /M, = 1.66). Similar treatment of 5a and 5¢ with

(13) Compound 5b: mp 104—105 °C; MS m/z 472 (M*); UV Anmax
(THF solution) 227 nm (e = 39 300), 250 nm (¢ = 26 500), 340 nm (¢ =
3700); IR veec 2112 cm~!; 'H NMR (6 in CDCly) 0.23 (s, 18H, Me;3Si),
0.24 (s, 6H, Me,Si), 0.72-0.91 (m, 8H, CH;CH,Si), 1.07 (t, 12H, CH;-
CH,Si, J = 7.8 Hz); 13C NMR (6 in CDCl;) —3.54 (Me,Si), —0.34
(Me3Si), 4.55, 8.59 (Et2Si), 104.37, 116.01 (C=C), 147.66, 149.08
(C=C); 2°Si NMR (6 in CDCl3) —20.54 (Et2Si), —7.35 (Me3Si), 27.66
%_IIVIezSi). Anal. Caled for CosHysSis: C, 60.94; H, 9.38. Found: C, 60.75;

, 9.47.

(14) Compound 5c¢ (mixture of cis and trans isomers): MS m/z 500
(M*); UV Apae (THF solution) 227 nm (¢ = 33 800), 251 nm (¢ = 24 300),
340 nm (¢ = 3800); IR ve=c 2112 cm™!; 'H NMR (6 in CDCl3) 0.20 (s,
18H, Me;Si), 0.22 (s, 6H, MeySi in silole ring), 0.28 (s, 6H, n-BuMeSi),
0.69-0.91, 1.30—1.50 (m, 18H, n-Bu); 13C NMR (6 in CDCl;) —4.48,
—4.40 (n-BuMeSi), —3.63, —3.61, —3.58 (Me2Si), —0.36 (Me3Si), 13.76,
26.09, 26.84, 26.94 (n-Bu), 105.21, 115.45 (C=C), 147.41, 149.40 (C=C);
298j NMR (6 in CDCl;) —28.82, —28.61 (n-BuMeSi), —7.60 (Me3Si),
27.27 (Me2Si). Anal. Caled for CosHysSis: C, 62.32; H, 9.66. Found: C,
62.10; H, 9.76.
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the fluoride anion in THF afforded polymers 6a (M, =
9400, M/M,, = 1.38)!¢ and 6¢ (My, = 46 300, M,/M,, =
1.76)17 in 75% and 80% yields, respectively.

That monomers 5a—c undergo anionic ring-opening
reactions, giving the polymers 6a—c, was confirmed by
the fact that treatment of 5b with a catalytic amount
of methyllithium produced polymer 6b (M, = 47 900,
M /M, = 1.26) in 77% yield.

IR, 'H NMR, and 13C NMR spectra for this polymer
were identical with those for 6b obtained from the
fluoride anion-catalyzed polymerization of §b. Further-
more, the reaction of §b with 1 equiv of methyllithium
at —90 °C for 1 h, followed by treatment of the resulting
mixture with dilute hydrochloric acid, produced 3-ethy-
nyl-4-((2-methyltetraethyldisilanyl)ethynyl)-1,1-dimethyl-
2,5-bis(trimethylsilyl)silole (7)18 in 60% yield as the sole
volatile product. This result clearly indicates that
methyl anion attacks at a silicon atom in the disila-
nylene unit to give a ring-opened lithioethynylsilole
(Scheme 2).

The 3C NMR spectrum for 8b reveals resonances at
6 —3.64, —0.55, 4.93, and 8.67 ppm, attributed to Mes-
Si, Me3Si, and EtSi carbons, as well as resonances at
6 97.39, 107.32, 145.98, and 155.21 ppm, due to sp and
sp? carbons, respectively. Its 29Si NMR spectrum shows
three resonances at 6 —30.11, —8.76, and 24.02 ppm,

(15) Polymer 6b: mp 79—82 °C; My, = 30 300 (M\/M, = 1.66); UV
Amex (THF solution) 255 nm (¢ = 25 000), 300 nm (sh, ¢ = 9400); IR
veme 2130 em~t; TH NMR (6 in CDCl3) 0.21 (s, 18H, MesSi), 0.23 (s,
6H, Me3Si), 0.90 (q, 8H, CH3CH,Si, J = 7.6 Hz), 1.12 (t, 12H, CH;-
CH,Si, J = 7.6 Hz); 13C NMR (6 in CDCly) —3.64 (MesSi), —0.55
(Me3Si), 4.93, 8.67 (EtSi), 97.39, 107.32 (C=C), 145,98, 155.21 (C=C);
298i NMR (4 in CDCl3) —30.11 (Et2Si), —8.76 (Me3Si), 24.02 (Me,Si).
Anal. Caled for (CasHysSis)n: C, 60.94; H, 9.38. Found: C, 60.56; H,
9.65.

(16) Polymer 6a: mp 90—98 °C; M, = 9400 (M/M,, = 1.38); UV Apex
(THF solution) 254 nm (¢ = 16 100), 292 nm (sh, € = 7800); IR ve=c
2136 em~1; 'H NMR (6 in CDCl3) 0.19 (s, 18H, Me;Si), 0.21 (s, 6H,
Me,S:i in silole ring), 0.36 (s, 12H, Me;Si—Si); 13C NMR (6 in CDCl3)
—3.75 (Me2Si in silole ring), —2.53 (MeSi—Si), —0.65 (Me3Si), 98.60,
106.69 (C=C), 145.64, 155.36 (C=C); 2°Si NMR (4 in CDCl;) —37.32
(Me2Si—Si), ~8.51 (Me3Si), 24.57 (MeSi in silole ring). Anal. Caled
for (CaoH3¢Si5).: C, 57.62; H, 8.70. Found: C, 56.81; H, 8.80.

(17) Polymer 6c: mp 46—50 °C; My, = 46 300 (M,/M, = 1.76); UV
Amax (THF solution) 254 nm (¢ = 25 900), 301 nm (sh, ¢ = 12 300); IR
veme 2134 cm~; TH NMR (6 in CDCl3) 0.19 (s, 18H, Me3Si), 0.21 (s,
6H, Me,Si in silole ring), 0.35 (s, 6H, BuMeSi), 0.81-0.89, 1.32—-1.47
(m, 18H, n-Bu); 3C NMR (6 in CDCl;) —4.00 (BuMeSi), —3.73
(Me2Si), —0.60 (Me3Si), 13.81, 14.01, 14.12, 26.54, 26.73, 26.78 (n-Bu),
98.24, 106.86 (C=C), 145.89, 154.82, 154.85, 154.88 (C=C); 2°Si NMR
(6 in CDCly) —34.93, —34.75 (BuMeSi), —8.17 (Me3Si), 24.79 (Me,Si).
Aréal. Caled for (CogHagSis)n: C, 62.32; H, 9.66. Found: C, 61.66; H,
9.61.

(18) Compound 7: MS m/z 488 (M*); IR vemcw 3307, vemc 2132 cm™1;
1H NMR (6 in CDCl3) 0.11 (s, 3H, MeSi), 0.20, 0.21, 0.23 (3 s, 24H, 2
Me;Si and MeySi), 0.68—1.23 (m, 20H, EtSi), 3.23 (s, 1H, ethynyl
proton); '3C NMR (6 in CDCl3) —6.00 (Et;MeSi), —3.75 (MeoSi), —0.68
(MesSi), 5.00, 5.38, 8.21, 8.66 (Et), 82.95, 98.99, 106.65 (C=C), 145.12,
146.02, 153.41, 155.54 (C=C); 22Si NMR (6 in CDCly) —28.47, —11.49
(Si—Si), —8.42, —8.23 (Me3Si), 24.79 (MesSi). Anal. Caled for (CosHs-
Sig).: C, 61.40; H, 9.89. Found: C, 61.40; H, 9.87.



Communications

due to EtsSi, MesSi, and Me3Si. No other resonances
are detected in its 13C and 2°Si NMR spectra. These
results indicate that 8b has a regular alternating
arrangement of a disilanylene unit and 3,4-diethyny-
lenesilole system in the polymer main chain. The
structures of 6a and 6¢ were also verified by spectro-
metric and elemental analysis.

Polymers 6a—c are solids, melt without decomposi-
tion, and are soluble in aromatic hydrocarbons, ethers,
and chlorocarbons but insoluble in alcohols.

Organometallics, Vol. 14, No. 3, 1995 1091

We are continuing to explore the use of the present
polymers as functionality materials.

Supplementary Material Available: Text giving experi-
mental details and spectroscopic data for 1 and 2 and figures
giving 'H, 13C, and #°Si NMR spectra for polymers 6a—c (12
pages). Ordering information is given on any current mast-
head page.
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Summary: Reduction of 2,2,2',2',5,5,6",5-octamethyl-
2,2',5,5 -tetrasilabicyclopentylidene (2) with lithium and
sodium in THF gave the corresponding dianion dialkali
metals. The structures of 2, (2,2,2',2',5,5,5',5-octam-
ethyl-2,2’,5,5'-tetrasilabicyclopentylidene)bis-
[(tetrahydrofuran)lithium(l)] (3a), and (2,2,2',2’,5,5,-
5',5'-octamethyl-2,2',5,5 -tetrasilabicyclo-
pentylidene)bis(tetrahydrofuranjsodium(l)] (3b) were
studied by X-ray crystallography. The central anionic
C—C bonds are not twisted for 3a, whereas they are
twisted by 17.1° for 3b.

Interest in the reactivity, structure, and bonding of
organic alkali metal compounds, especially organo-
lithium compounds, has remarkably increased in recent
years.? However, the chemistry of sodium derivatives
has not been well established.® We have previously
reported the unique structure of (1,1,2,2-tetrakis(tri-
methylsilyl)ethylene)bis[(tetrahydrofuran)lithium(I)], ob-
tained readily by the reaction of tetrakis(trimethylsilyl)-
ethylene with lithium metal.* Obviously, four silyl
substituents facilitate the reduction of the ethylene.’
The highly twisted structure of the anion is an interest-
ing fact to be pointed out, but the parent olefin itself is
also twisted (twist angle: 29.5°).6 Contrary, however,
the reaction of the olefin with sodium or potassium gave
only its radical anion, none of the ethylene dianion
disodium or dipotassium being produced.

We have designed 2,2,2',2’,5,5,5",5-octamethyl-2,2’,5,5'-
tetrasilabicyclopentylidene (2) as a planar or almost
planar tetrasilyl-substituted ethylene appropriately
fixed by the rings. Expectedly, the cyclic ethylene 2
underwent facile two electron reduction by Li and Na
to give the corresponding dianions. We wish to report
herein the crystal structures of 2, the dilithium deriva-
tive 3a, and the disodium derivative 8b. The latter

® Abstract published in Advance ACS Abstracts, February 15, 1995.

(1) Chemistry of Organosilicon Compounds. 319.

(2) For reviews, see: (a) Wardell, J. L. In Comprehensive Organo-
metallic Chemistry; Wilkinson, G., Stone, F. G. A, Abel, E. W., Eds,;
Pergamon Press: New York, 1982. (b) Schleyer, P. v. R. Pure Appl.
Chem. 1988, 55, 355. (¢) Ibid. 1984, 56, 151. (d) Setzer, W. N;
Schleyer, P. v. R. Adv. Organomet. Chem. 1985, 24, 353. (e) Gunther,
H.; Moskau, D.; Bast, P.; Schmalz, D. Angew. Chem., Int. Ed. Engl.
1987, 26, 1212,

(3) For reviews on sodium derivatives, see: (a) Schade, C.; Schleyer,
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(4) (a) Sekiguchi, A.; Nakanishi, T.; Kabuto, C.; Sakurai, H. J. Am.
Chem. Soc. 1989, 111, 3748. (b) Sekiguchi, A.; Ichinohe, M.; Nakanishi,
T.; Sakurai, H. Chem. Lett. 1993, 267,

(5) See also facile reduction of hexakis(trimethylsilyl)benzene and
1,2,4,5-tetrakis(trimethylsilyl)benzene: (a) Sekiguchi, A.; Ebata, K.;
Kabuto, C.; Sakurai, H. J. Am. Chem. Soc. 1991, 113, 1464. (b)
Sekiguchi, A.; Ebata, K.; Kabuto, C.; Sakurai, H. J. Am. Chem. Soc.
1991, 113, 7081,
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constitutes the first crystal structure of disodioethane
without stabilization by phenyl groups.

The tetrasilabicyclopentylidene (2) was prepared by
the intramolecular double silylation of 3,3,6,6,7,7,10,-
10-octamethyl-3,6,7,10-tetrasilacyclodecyne (1).” Thus,
heating the cyclic acetylene 1 at 110 °C with a catalytic
amount of Pd(OAc)o/tert-octyl isocyanide under 5000 bar
afforded 2 cleanly in 60% yield (Scheme 1).82 Because
of the rigid structure fixed by five-membered rings, the
olefinic carbons are strictly coplanar with a dihedral
angle of 4.8° as determined by the X-ray diffraction
method. Neither twisting along the C—C double bond
nor pyramidalization of the sp? carbons was observed.

The cyclic ethylene 2 underwent two electron reduc-
tion not only with lithium but also with sodium in THF
to give dark red solutions of the dianions of 3a (Li) and
3b (Na) (Scheme 2).° The 1,2-disodio derivative was
isolated as dark red crystals as follows. Reduction of 2
with excess sodium in THF at room temperature gave
a dark red solution of the ethylene dianion within 1 h.
Evaporation of THF followed by crystallization from
toluene afforded (2,2,2’,2",5,5,5’,5-octamethyl-2,2",5,5'-
tetrasilabicyclopentylidene)bis[(tetrahydrofuran)sodium-
(D] (8b). All the experiments were carried out by using

(7) The cyclic ethylene 2 was prepared according to the modified
procedure reported by Ito; see: (a) Ito, Y.; Suginome, M.; Murakami,
M. J. Org. Chem. 1991, 56, 1948. (b) Murakami, M.; Oike, H.;
Sugawara, M.; Suginome, M.; Ito, Y. Tetrahedron 1998, 49, 3933. (c)
Murakami, M.; Suginome, M.; Fujimoto, K.; Ito, Y. Angew. Chem., Int.
Ed. Engl. 1993, 32, 1473.

(8) Spectral data for 2: pale yellow crystals, mp 118~119 °C; 'H
NMR (CDCl;, 8) 0.13 (s, 24 H), 0.76 (s, 8 H); 13C NMR (CDCl3, 6) 0.1,
10.5, 189.5; 2°Si NMR (CDCls, 6) —8.9; UV (hexane) Ama/nm (¢) 235
(15 400), 379 (160); HRMS calcd for C;4H328is m/z 312.1581, found m/z
312.1589.

(9) Reduction of 2 with potassium, rubidium, and cesium in THF
also gave dark red solutions of the corresponding dianions. Details
and spectral data for these dianions will be reported elsewhere.

© 1995 American Chemical Society
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Figure 1. ORTEP drawing of 3b. Selected bond distances
(A): Si1-C11.807(6), Si1—C3 1.879(11), Si2—C2 1.806(7),
Si2—C6 1.866(10), C1-C2 1.579(15), O1—Nal 2.293(6),
C1—Nal 2.487(4), C2—Nal 2.501(4). Selected bond angles
(deg): Si1—C1-S8il’ 106.5(5), Si1—C1-C2 126.8(3), Si2—
C2-Si2’ 106.0(5), Si2—C2—C1 127.0(2), C1-Nal—-C2 36.9-
(3). Dihedral angle (deg): Si1—C1-Si1"/Si2—C2-Si2’ 17.1.

the Schlenk tube method. The dilithium derivative 3a
was also isolated by a similar manner.10

The molecular structures of 3a,b confirmed by X-ray
diffractions are shown in Figures 1 and 2, respectively.
The molecule of 3a has a crystallographic 2-fold axis
and mirror symmetry, whereas that of 3b has only a
crystallographic 2-fold axis. Geometries of 2, 3a, and
3b are compared in Table 1.11

Several interesting features for the structures of 3a,b
can be pointed out. The cations in 3a,b are three-
coordinated, being bonded to THF in addition to two
anionic carbons. The bond length of the central C—C
bond is significantly stretched from 1.369 A in 2 to 1.575
A in 3a and 1.579 A in 8b. The bond lengths of Si—
C(sp?) bonds (1.825 A for 3a and 1.807 A for 3b) are
remarkably shortened compared to 2 (1.906 A). In

(10) Spectral data for 3a: 'H NMR (toluene-ds, 8) 0.41 (s, 24 H),
1.13 (s, 8 H), 1.30—1.38 (m, 8 H), 3.52—3.59 (m, 8 H); 13C NMR (toluene-
ds, 8) 5.7 (CHj3), 11.0 (quint, J(1®C—SLi) = 3.1 Hz, CLi), 14.5 (CHy),
25.6 (THF), 69.2 (THF); 2°Si NMR (toluene-ds, 6) —6.2; 6Li NMR
(toluene-ds, 6) 1.72. Spectral data for 3b: 'H NMR (toluene-ds, 8) 0.35
(s, 24 H), 1.03 (s, 8 H), 1.26—1.34 (m, 8 H), 3.32—3.40 (m, 8 H); 13C
NMR (toluene-dg, ¢) 6.8 (CH3), 13.9 (CHy), 14.7 (CNa), 25.5 (THF), 68.6
(THF); 29Si NMR (toluene-ds, ) —10.6; 22Na NMR (toluene-ds, 6) —2.8
(V]_/g = 2120 Hz).

(11) Crystal data for 2: MF = C,,H;3,8is, MW = 312.76, monoclinic,
a=18.2743) A, b = 9.200(1) A, ¢ = 13.145(2) A, f = 116.38(1)°, V =
1979.7(6) A3, space group = C2/c, Z = 4, Degioq = 1.049 g/em®. The
final R factor was 0.0448 (R,, = 0.0456) for 2259 reflections with F, >
30(F,). Crystal data for 8a: MF = CgHygLiz0:8i,, MW = 470.85,
monoclinic, @ = 17.551(18) A, b = 9.438(7) A, ¢ = 9.520(4) A, 8 = 108.89-
(4)°, V = 1492.1(20) A3, space group = C2/m, Z = 2, Degica = 1.048
g/em3. The final R factor was 0.0928 (R, = 0.0913) for 1606 reflections
with F, > 30(F,). Crystal data of 8b: MF = CoHysNa;0,8i;, MW =
502.94, monoclinic, a = 9.715%) A, b =11.383(4) A, ¢ =13.728(3) A,
B = 99.06(1)°, V = 1499.1(6) A3, space group = P2/c, Z = 2, Dcajea =
1.114 g/cm3. The final R factor was 0.0880 (R,, = 0.0921) for 1698
reflections with F, > 30(F,).
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Figure 2. ORTEP drawing of 3a. Selected bond distances
(A): 8i1(1)—C1(1) 1.825(4), Sil(1)—C2(1) 1.868(9), C1(1)-
C1(3) 1.575(9), 01(1)-Lil1(1) 1.871(11), C1(1)-Lil(1) 2.061-
(12), C1(1)—Lil1(3) 2.065(12). Selected bond angles (deg):
Si1(1)—C1(1)—Si1(2) 106.0(4), Si1(1)—-C1(1)—C1(3) 127.0-
(1), C1(1)-Li1(1)—C1(3) 44.9(3). Dihedral angle (deg): Sil-
(1)-C1(1)-Si1(2)/Si1(3)—C1(3)—Sil(4) 0.0.

Table 1. Selected Bond Lengths (A), Bond Angles (deg),
and Dihedral Angles (deg) of 2, 3a, and 3b”

2 3a (L) 3b (Na)
c-C 1.369(2)° 1.575(9)¢ 1.579(15)°
Cc-M 2.063(12) 2.494(4)
C-Si 1.906(2) 1.825(4) 1.807(6)
Si—CHj3 1.870(2) 1.901(7) 1.919(9)
Si—CH, 1.883(2) 1.868(9) 1.873(10)
Si—-C-C 127.8(1) 127.0(1) 126.9(2)
Si—C-Si 104.5(1) 106.0(4) 106.3(5)
(Si—C—S8i)—(Si—C-S81) 4.8 0.0 17.1

4 Standard deviations are in parentheses. # C—C double bond. ¢ Anionic
C—C bond.

contrast, the bond lengths of Si—~CHj; bonds (1.901 A
for 3a and 1.919 A for 8b) are somewhat elongated with
respect to 2 (1.870 A). The bond angles of Si—C(sp?)—
C(sp?) (127.0° for 3a and 126.9° for 8b) and C(sp?)—Si—
C(sp?) (106.0° for 3a and 106.3° for 3b) are almost the
same with those of 2 (127.8 and 104.5°, respectively).
The dilithium derivative 3a has a completely planar
structure similar to that of the precursor olefin 2 (4.8°),
and therefore, the geometry of the cyclopentylidene 2
is essentially retained after the lithiation. On the other
hand, disodium derivative 3b is twisted by 17.1° result-
ing from the increased electronic repulsion.!? The
twisting angle is evidently influenced by the counter-
cation. The dianion halves of 3a,b are unexpectedly not
twisted perpendicularly to each other due to Coulombic
attraction between anion and cation centers.!3

(12) It is a precedent that (tetraphenylethylene)disodium bis(diethyl
ether) twists by 56° along the central C—C bond. However, unusual
sandwichlike coordination is disclosed in which one of sodium is located
between phenyl rings; see: Bock, H.; Ruppert, K.; Fenske, D. Angew.
Chem., Int. Ed. Engl. 1989, 28, 1685.

(13) For theoretical calculations on ethylene dianion dilithium,
see: (a) Kos, A. J.; Jemmis, E. D.; Schleyer, P. v. R.; Gleiter, R,;
Fischbach, U.; Pople, J. A. J. Am. Chem. Soc. 1981, 103, 4996. (b) So,
S. P. J. Organomet. Chem. 1989, 361, 283.
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The magnitude of such attractive interaction depends
on the distance between the anion and cation centers
as well as the radii of the cations. The distances of Li*
and Na' from the anionic carbons are 2.063 and 2.494
A respectively. These distances are slightly shorter
than those of the m-complexed organolithium and so-
dium derivatives reported so far.2d:32 Therefore, it can
be concluded that the group 1 complexes of 2 prefer
planar geometry to the perpendicular structure, but
larger cations tend to have more twist structures along
the central C—C bond. It is interesting to note in this
respect that the dianion halves of the charge-transfer
salt of decamethylcobaltocene tetracyanoethylene,
{ICo(CsMe5)21} 2 (NC)2CC(CN)z 12, are reported to be
twisted by 87.1° presumably due to a rather weak
interaction between anion and cation centers.l¢
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Summary: RuClo(PMe3)(C¢Meg) (8) reacts with (Z)-
HC=CC(Me)=CHCH,0H (1) in the presence of NaPFg
to afford a cyclic o,B-unsaturated carbene, the 2-oxacy-
clohex-5-en-1-ylidene ruthenium complex 4, and the
reaction of RuCIl(PMeg)s(CsMes) (5) with both 1 and its
E isomer 2 leads to the same six-membered unsaturated
carbene complex 6. The activation of (Z)-HC=CC-
(Me)=CHCH(R)OH derivatives (R = Me (7), C=CSiMes
(9)) with 5 affords the carbene complexes 8 and 10,
and their formation is explained on the basis of a
Ru=C=C=C(Me)CH;CH(R)OH allenylidene intermedi-
ate.

Cyclic metal—carbene complexes, especially a,5-
unsaturated derivatives, have been shown to be useful
reagents for organic synthesis,! =5 and their applications
provide impetus to the search for simple, straightfor-
ward methods of preparation. Heteroatom-containing
cyclic metal—carbene complexes have been conveniently
prepared via metal w-haloacyl, carbamoyl, alkoxycar-
bonyl, or imido intermediates,® opening of epoxides by
deprotonated Fischer type carbene complexes,®7 activa-
tion of homopropargylic alcohols with low-valent d®
complexes®® or ruthenium(Il) derivatives,®10 and even
direct activation of tetrahydrofuran.!! An important
class of unsaturated cyclic carbene complexes, the
pyranylidene—metal complexes, requires the previous
preparation of functional carbenes—propenylidene—
metal derivatives!? or alkynyl carbene complexes—to
react with 8-dicarbonyl derivatives,? acrylates, or enol

® Abstract published in Advance ACS Abstracts, February 1, 1995.

(1) Détz, K. H.; Fischer, H.; Hofmann, P.; Kreissl, F. R.; Schubert,
U.; Weiss, K. Transition Metal Carbene Complexes; Verlag Chemie:
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(2) Wang, S. L. B.; Wulff, W. D. J. Am. Chem. Soc. 1990, 112, 4550.
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2994.
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A.; Moreté, J. M.; Vifas, J. M.; Ricart, S.; Molins, E. Organometallics
1994, 13, 2467,

(5) Quayle, P.; Rahman, S.; Ward, E. L. M. Tetrahedron Lett. 1994,
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Zanotto, L.; Braga, D.; Sabatino, P.; Angelici, R. J. Inorg. Chem. 1988,
27, 93 and references therein.
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1424, (b) Parlier, A.; Rudler, H. J. Chem. Soc., Chem. Commun. 1986,
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10, 2768.
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ethers.!® @,8-Unsaturated cyclic carbenes have been
recently obtained from a (4-methoxy-2-oxacyclopentyl-
idene)chromium(0) compound via methanol elimination?
and by addition of alkyl radicals generated from ep-
oxides and (Cp2TiCl)2.1¢ We now report the synthesis of
novel a,f-unsaturated cyclic carbene metal complexes,
the (2-oxacyclohex-5-en-1-ylidene)ruthenium complexes
of type I, via direct activation of (Z)- and (E)-enynols 1
and 2 (Scheme 1) suggesting the formation of the same
allenylidene—ruthenium intermediate.

The activation of (Z)-enynol 1 with RuCla(PRs)(arene)
catalysts has recently been shown to provide a selective
catalytic synthesis of functional furans of type II
(Scheme 1), whereas such a reaction was inefficient with
the £ isomer 2 as starting material.’> However, (E)-
enynol 2 appeared to be an excellent precursor for access
to a variety of functional dienes of type III via addition
of carboxylic acids, in the presence of the Rua(O2CH)s-
(CO)4(PPh3), catalyst.'¢ Formation of both II and III
proceeded via the electrophilic activation with ruthe-
nium(II) complexes of the #2-coordinated HC=C bond
of 1 or 2 toward regioselective addition to carbon C(2)
of the intramolecular hydroxy group in the suitable
geometry in 115 or of the carboxylate to give IIL.1¢ This
led us to investigate the stoichiometric activation of both
1 and 2 in the presence of ruthenium(II) precursors, but
under conditions favoring the coordination of the
alkyne.7

The arene—ruthenium(Il) complex 822 reacts with an
excess of (Z)-HC=CC(Me)=CHCH.0H (1; 2.5 equiv) and
NaPF¢ (1.5 equiv) in dichloromethane. After 15 h at
room temperature, the orange, cationic carbene complex

(13) Faron, K. L.; Wulff, W. D. J. Am. Chem. Soc. 1990, 112, 6419.

(14) Merlie, C. A,; Xu, D. J. Am. Chem. Soc. 1991, 113, 9855,

(15) Seiller, B.; Bruneau, C.; Dixneuf, P. H. J. Chem. Soc., Chem.
Commun. 1994, 493.

(16) Bruneau, C.; Kabouche, Z.; Neveux, M.; Seiller, B.; Dixneuf, P.
H. Inorg. Chim. Acta 1994, 222, 155.
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4 was isolated in 75% yield (Scheme 2). Its analytical
and NMR data were consistent with an a,8-unsaturated
cyclic carbene derivative (NMR in CDCl; (8, ppm): 13C,
293.73 (Ru=C, d, 2Jpc = 21.6 Hz); 1H, 7.54 (1H, =CH)).2

This unexpected cyclization reaction suggested the
initial formation of the vinylidene intermediate (Z)-
Ru=C=CH-C(Me)=CHCH30H, as for the activation of
homopropargylic alcohols,®10 and cyclization allowed by
the Z configuration of the double bond, via intra-
molecular addition of the hydroxy group to the electro-
philic vinylidene carbon, followed by isomerization to
afford the conjugated heterodiene derivative 4. Such a
mechanism suggested that the £ isomer 2 would not
give a similar type of carbene on reaction with 3.
Actually, complexes 3 and 2 react slowly but the
intermediate is not stable.

The stability of 4 is not very high, probably because
the unsaturated carbene ligand is electron withdrawing

(17) In the presence of both a polar solvent and a noncoordinating
anion salt, these mild conditions were shown to favor the dissociation
of the Ru—Cl bond and allow the coordination of terminal alkyne
leading to vinylidene®1819 or allenylidene?02! ruthenium intermediates
from RuCly(PR;)(arene)®1820.21 or RuCl(PR3)o(CsMe;)1® precursors.

(18) Devanne, D.; Dixneuf, P. H. J. Organomet. Chem. 1990, 390,
371

(19) Le Lagadec, R.; Roman, E.; Toupet, L.; Miiller, U.; Dixneuf, P.
H. Organometallics 1994 13, 5030.

(20) Pilette, D.; Ouzzine, K.; Le Bozec, H.; Dixneuf, P. H.; Rickard,
C. E. F.; Roper, W. R. Organometallics 1992, 11, 809.

(21) Devanne, D.; Dixneuf, P. H. J. Chem. Soc., Chem. Commun.
1990, 641.

(22) (a) Bennett, M. A.; Robertson, G. B.; Smith, A. K. J. Organomet.
Chem. 1972, 43, C41. (b) Bennett, M. A.; Smith, A. K. J. Chem. Soc.,
Dalton Trans. 1974, 233.

(23) Full details of the synthesis and characterization of 4, 6, 8, and
10 by multinuclear NMR, IR, and elemental analysis are provided in
the supplementary material. Selected spectroscopic data for 4: 'H
NMR (300.134 MHz, CDCl;) 6 7.54 (broad s, 1H, HC=), 4.81 (m, 1 H,
OCHy), 4.65 (m, 1 H, OCHy), 2.46 (m, 2 H, CHy), 2.09 (s, 18 H, CsMes),
1.99 (s, =CMe); 31P{1H} NMR (121.496 MHz, CDCl;) 4 10.41 (s, PMe3y),
—143.96 (sept, WJ(PF) = 713 Hz, PF¢); 13C{'H} NMR (50.331 MHz,
CDCly) 6 293.73 (d, 2J(PC) = 21.6 Hz, Ru=C), 151.45 (s, HC=CMe),
134.06 (s, HC=), 72.58 (s, OCHy;), 28.92 (s, CHy), 23.56 (s, =CMe).
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and is bonded to a cationic electrophilic ruthenium(II)
moiety.2¢ Thus, the activation of both enynols 1 and 2
has been attempted with the more electron releasing?*
ruthenium(II) complex RuCl(PMej)o(CsMes) (5).25 Com-
plex 5 reacts with an excess of 1 in the presence of
NaPFg (CHCly) to give 84% of the carbene complex 6
after 15 h at room temperature (Scheme 2). The E
isomer 2 under identical conditions reacted with com-
plex 5 and surprisingly led to the same complex 6, which
was isolated in 70% yield. Complex 6 shows in its 13C
NMR (CDCls) a low-field triplet at § 280.43 ppm (2Jpc
= 14.3 Hz) for the Ru=C carbene carbon nucleus.28

The higher stability of carbene 6 with respect to 4
allowed us to attempt the activation of the C(1)-
substituted enynol (Z2)-HC=CC(Me)=CHCH(Me)OH (7).2
Complex 5 reacts with 7 to afford the carbene complex
8 (88%). The chirality at the substituted sp? carbon in
complex 8 caused the nonequivalency of (PMej) 3P
nuclei.28

The activation of the diynenol 927 by complex § was
also attempted, as both alkyne groups could be acti-
vated.?® The reaction led to the formation of a precipi-

(24) The oxidation potentials of 8 and 5, measured using cyclic
voltammetry (CH3CN, 200 mV/s, BuyNPFs (0.1 M), Pt/V (SCE)), were
Eyp = +0.77% and +0.09 V (SCE), respectively.

(25) Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, I. D.
Organometallics 1990, 9, 1843.

(26) Selected spectroscopic data for 6: 'H NMR 6 (300.134 MHz,
CDCl3) 6.67 (broad s, 1H, HC=); 13C{*H} NMR (75.469 MHz, CDCl,)
%880,43 (t, 2J(PC) = 14.3 Hz, Ru=C), 139.69 (s, =CMe), 136.26 (s,

=).

(27) The functional enynols were prepared from the commercially
available precursor 1 via oxidation into the corresponding aldehyde
followed by addition of the suitable lithium reagent.!®

(28) Selected spectroscopic data for 8: 3!P{'H} NMR (121.496 MHz,
CDCl3) 6 8.83, 7.40 (AB system, 2Jpp = 40.8 Hz, PMe;), ~143.76 (sept,
J(PF) = 715 Hz, PFs™); 3C{'H} NMR (75.469 MHz, CDCl3) 6 281.6
(t, 2J(PC) = 14.3 Hz, Ru=C), 139.44 (s, =CMe), 136.08 (s, HC=).

(29) Péron, D.; Romero, A.; Dixneuf, P. H. Gazz. Chim. Ital., in press.
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tate which was identified as complex 10, containing the
(trimethylsilyl)ethynyl substituent at the carbon atom
linked to oxygen (13C NMR 6 278.1 ppm (Ru=C, t, 2Jpc
= 14.1 Hz); 3'P NMR 6 8.44, 7.51 (AB system, 2Jpp =
38.9 Hz); 'H NMR 4 6.67 (HC=C), 0.16 (SiMe3) ppm).3°
The formation of 10 indicated that in 9 the HC=C bond
is more reactive than the MeSiC=C group. Compounds
of type 10 offer potential for the access to bimetallic
systems linked by an unsaturated bridge via further
activation of the C=C bond.

The synthesis of 6 from the E isomer 2 eliminates the
“obvious” mechanism via the intramolecular addition of
the OH group to the vinylidene carbon of B, from which
the direct isomerization into A is not likely (Scheme 3).
It has been shown, on the basis of labeling experi-
ments,?! that the first activation step of alkenylacety-
lenes HC=CC(R)=CH; with complexes of type 3 con-
sisted of the formation of an allenylidene intermediate
via migration of the HC=C proton to the carbon C(4)31
and the allenylidene complex L,Ru=C=C=C(R)CHj

(30) Selected spectroscopic data for 10: *H NMR ¢ (300.134 MHz,
CDCly) 6 6.67 (broad s, 1H, HC=), 4.82 (dd, 3J(HH) = 5.1 Hz, 3J(HH)
=10.1 Hz, 1 H, OCH), 0.16 (s, 9H, SiMe3); 'P{'H} NMR (121.496 MHz,
CDCly) 6 8.44, 7.51 (AB system, 2Jpp = 38.9 Hz, PMe;), ~143.75 (sept,
LJ(PF) = 714 Hz, PF¢); 13C{1H} NMR (75.469 MHz, CDCl3) 6 278.1
(t, 2J(PC) = 14.1 Hz, Ru=C), 137.31 (s, =CMe), 135.89 (s, HC=), 100.48
(s, CC=), 98.99 (s, C;Me;), 93.26 (s, =CSi).

(31) With RuCly(PRs)(arene) complexes the reaction proceeds, in the
presence of MeOH, according to the equation? (Ru(»?-DC=CC-
(Ry=CHj) — (Ru=C=C=C(R)CH;D) — (Ru=C(OMe)CH=C(R)CH;D.
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was isolated from isopropenylacetylene and RuCls-
(PhePCH,PPhj),.32

Thus, it can be expected that the activation of both
isomers 1 and 2 with complexes 3 and 5 leads to the
same allenylidene intermediate C, resulting from the
migration of the terminal alkyne hydrogen to the carbon
C(4), via the two different vinylidene derivatives A from
1 and B from 2. The carbon C(1) of allenylidene—
ruthenium complexes is known to be the electrophilic
site for the addition of methanol;3! thus, the intra-
molecular addition of the OH group of C to the allen-
ylidene carbon C(1) with proton transfer at carbon C(2)
will directly afford the cyclic a,f-unsaturated carbene
complex of type I
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(32) Pirio, N.; Touchard, D.; Toupet, L.; Dixneuf, P. H. J. Chem. Soc.,
Chem. Commun. 1991, 980.
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A Stable Bimetallic Copper(I) Titanium Acetylide
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Summary: The reaction of [(n5-CsH SiMes) Ti-
(C=CSiMe3)sJCuCl (4) with 1 equiv of LiC=CR (R =
SiMe; (5a), t-Bu (8b), Ph (5¢)) affords the monomeric
complexes [(n°-CsH SiMe3):Ti(C=CSiMe3)2]CuC=CR (R
= SiMe;s (3a), t-Bu (3b), Ph (3¢c)). Complexes 3 were
independently prepared by starting from (-CsH 4SiMes)s-
Ti(C=CSiMey): (1) and 1/n [CuC=CR], (R = SiMe;
(2a), t-Bu (2b), Ph (2¢)) and are the first examples of
stable monomeric bis(n?-alkyne)(n!-alkynyl)copper com-
pounds. Reaction of 1 with 1/4 [CuO-t-Bujs(6) results
in the formation of the remarkably stable bimetallic
acetylide complex [(n°-CsH SiMeg)Ti(C=CSiMes)-
(C=CCu)]; (7) (mp 157 °C dec) by nucleophilic substitu-
tion of one of the alkynyl—SiMes groups in 1, whereby
t-BuOSiMey is eliminated. Other nucleophiles (e.g. F~
and EtO~) show a similar reactivity, although in this
case the substitution is much slower and less selective.

Alkynylcopper(I) compounds are generally encoun-
tered as polynuclear species which exist either as
discrete aggregates or as oligomers.! In these species
the alkynyl ligands are o- and z-bonded to copper(l)
centers. Recently we showed that bis(alkynyl)titanocenes
are very useful chelating ligands for the stabilization
of mononuclear bis(n2-alkyne)(n!-aryl)copper and -silver
compounds, where aryl is for example CsHoMe;-2,4,6.2
In order to study intramolecular vs intermolecular
alkyne to copper coordination, we are interested in the
isolation of mononuclear bis(n2-alkyne)(n!l-alkynyl)-
copper(I) compounds, using the chelate effect of the
alkynyl units in the bis(alkynyl)titanocene (#5-CsHy-
SiMej3); Ti(C=CSiMe3)s (1).2

* To whom correspondence should be addressed.

* Debye Institute, Utrecht University.

# Universitit Heidelberg.

§ Bijvoet Center for Biomolecular Research, Utrecht University.
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(1) (a) For a review on metal alkynyls: Nast, R. Coord. Chem. Rev.
1982, 47, 89—124. (b) [Cu(C=CPh)(PMejs)ly: Corfield, P. W. R;
Shearer, H. M. M. Acta Crystallogr. 1966, 21, 957-965. (c)
[Ag(C=CPh)(PMej;)]: Corfield, P. W. R.; Shearer, H. M. M. Acta
Crystallogr. 1966, 20, 502—508. (d) [Cus(us-7'-C=CPh)o(dppm);]1BF,
and [Cus(us-nt-C=CPh)(dppm);}(BFy)e: Diez, J.; Gamasa, M. P; Gi-
meno, J.; Lastra, E.; Aguirre, A.; Garc{a-Granda, S. Organometallics
1993, 12, 2213-2220. (e) [Cus(uz-n!-C=C-t-Bu)(us-ClXdppm)3]PFg:
Yam, V. W.-W; Lee, W.-K.; Lai, T.-F. Organometallics 1998, 12, 2383-
2387. (f) {Cug(SAr);C=C-t-Bul,:; Knotter, D. M.; Spek, A. L.; van
Koten, G. J. Chem. Soc., Chem. Commun. 1989, 1738—1739. Knotter,
D. M.; Spek, A. L.; Grove, D. M.,; van Koten, G. Organometallics 1992,
11, 4083—-4090. (g) [CuC=CPhl.: Corfield, P. W. R.; Shearer, H. M.
M. In Organometallic Compounds; Coates, G. E., Green, M. L. H;
Wade, K., Eds.; Chapman and Hall: London, 1977; Vol. 2. (h)
[CuC=C-t-Bulg: Coates, G. E.; Parkin, C. J. Inorg. Nucl. Chem. 1961,
22, 59. (i) [MC=CCFjsl, (M = Cu, Ag): Haszeldine, R. N. J. Chem.
Soc. 1951, 588—591.

(2) Janssen, M. D.; Herres, M.; Spek, A. L.; Grove, D. M,; Lang, H;
van Koten, G. To be submitted for publication.

0276-7333/95/2314-1098$09.00/0

Addition of (775-05H4SiM93)2Ti(CECSiMe3)z (1)3f to
solutions or suspensions of alkynylcopper(I) compounds,
[CuC=CR], (R = SiMe; (2a), £-Bu (2b), Ph (2¢)),! in a
1:1 molar ratio leads to the quantitative formation of
the monomeric complexes [(55-CsHsSiMes)oTi-
(C=CSiMej3)2]CuC=CR (R = SiMe;s (3a), t-Bu (3b), Ph
(3c)). An alternative preparative route is the trans-
metalation of [(55-CsH,SiMe3); Ti(C=CSiMe3)2]CuCl (4)
with the corresponding alkynyllithium compounds
LiC=CR (R = SiMe; (5a), t-Bu (5b), Ph (5¢)) (see
Scheme 1). Complexes 3 are stable in solution and in
the solid state and can be isolated as orange crystalline
solids by cooling their diethyl ether solutions to —30 °C.
They are soluble in most organic solvents, and solutions
of 3 can be handled safely in air for short periods of time.
Crystals of 3 are stable to air for a few weeks.

The presence of two different C=C stretching fre-
quencies in the IR spectra of 3 indicates that besides
an nl-bonded alkynylcopper unit, CuC=CR, n2-bonded
disubstituted alkyne ligands are present. Through the
n?-coordination of these alkyne moieties to the copper
atom in 3, the »(C=C) vibration is shifted from 2012
cm~!in the parent compound 1% to 1896 in 3a, 1902 in
3b, and 1941 cm~!in 8¢. The #!-bonded alkynyl group,
C=C(CR, is found at »(C=C) 2035 in 3a, 2095 in 3b, and
2094 cm™! in 3e.

The molecular structure of 3a was determined by a
single-crystal X-ray diffraction analysis.*

The molecular structure of 3a (see Figure 1) shows
that [(73-CsH4SiMe3)2Ti(C=CSiMe3);]CuC=CSiMe; is
monomeric. Both alkyne groups from the bis(alkynyl)-
titanocene are 72-coordinated to the copper atom Cul,

(3) (a) Lang, H.; Herres, M.; Zsolnai, L.; Imhof, W. J. Organomet.
Chem. 1991, 409, C7-C11. (b) Lang, H.; Herres, M.; Zsolnai, L.
Organometallics 1998, 12, 5008—5011. (c) Lang, H.; Imhof, W. Chem.
Ber. 1992, 125, 1307—1311. (d) Lang, H.; Zsolnai, L. J. Organomet.
Chem. 1991, 406, C5-C8. (e) Lang, H.; Herres, M.; Zsolnai, L. Bull.
Chem. Soc. Jpn. 1993, 66, 429—-431. (f) Lang, H.; Seyferth, D. Z.
Naturforsch. 1990, 45B, 212—220.

(4) Single crystals of 3a were grown by cooling a saturated Et;0O
solution to —20 °C. Crystal data for 3a: Cg3;Hs3CuSisTi, red crystal
(0.38 x 0.38 x 0.63 mm), monoclinic, space group P2;/c, with a =
20.9981(9) A, b = 12.0851(9) A, ¢ = 15.2434(10) A, B = 100.146(4)°, V
= 3807.7(4) A3, Z = 4, dcaieq = 1.182 g cm =8, F(000) = 1440, u(Mo Ka)
=9.4cm™!. A total of 9267 (8447 unique) reflections (0.99 < 8 < 27.50°
w/26 scan; T = 150 K) were measured on an Enraf-Nonius CAD-4T
rotating anode diffractometer using graphite-monochromated Mo Ko
radiation (1 = 0.710 73 A). Data were corrected for Lorentz polariza-
tion effects and absorption (DIFABS minimum and maximum correc-
tion: 0.826/1.103). The structure was solved by direct methods
(SHELXS86) and difference Fourier techniques and refined on F? by
full-matrix least squares (SHELXL93) to an R, value of 0.055 for 5854
reflections with F, > 40(F,) and 343 parameters, wR; = 0.151, S =
1.024, and w™! = (6% F,2) + (0.0826P)2), where P = (max(F,2,0) + 2F 2)/
3. Hydrogen atoms were introduced on calculated positions and refined
riding on their carrier atoms. All non-H atoms were refined with
anisotropic thermal parameters. A final Fourier map showed no
residual density outside —0.43 and 0.58 ¢/A3 (near Cul).

© 1995 American Chemical Society
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Scheme 1

SiMe,

4
Ti + 1/n[Cu-C=C-R],
T\
\SiMe3
M93$|
1 2
MesS| SiMes
QA

CuCl + Li-C=C-R

C13

Ci4

Cis

Figure 1. Molecular structure of 3a (ORTEP, thermal
ellipsoids at 50% probability). Selected bond distances (A)
and bond angles (deg): Til—Cul, 2.9665(8); Cul—Cl11,
1.898(3); Cul—C1, 2.074(4); Cul—C2, 2.112(4); Cul—Cs,
2.069(4); Cul—C7, 2.111(4); C1-C2, 1.236(5); C6—CT,
1.240(5); C11—-C12, 1.215(6); Til—C1, 2.081(4); Ti1l—-C8,
2.095(4); Til—C1-C2, 165.0(3); C1-C2—5i1, 162.8(3); Til—
C6—C7, 165.4(4); C6—-C7-Si2, 162.9(4); Cul-C11-C12,
175.6(3); C11-C12-Si3, 171.4(4).

while the alkynyl ligand from the starting alkynyl-
copper(I) compound is exclusively n!-coordinated. The
C=C bond lengths of the Ti(C=CSiMes); unit are
lengthened from an average of 1.208 A in 1% to 1.236-
(5) A (C1-C2) and 1.240(5) A (C6—C7) in 3a. The
copper atom possesses a trigonal-planar geometry and
is surrounded by the two #2-bonded alkynyl ligands from
1 and by one n!-bonded alkynyl ligand and represents
the first example in organocopper chemistry for which
the monomeric structure is brought about by #2-bonded
alkyne ligands. The Ti—C=C—Si units are significantly
bent (Til-C1-C2 = 165.0(3)°, Til-C6—C7 = 165.4(4)°,
C1-C2-Sil = 162.8(3)°, C6—CT7—Si2 = 162.9(4)°; see
Figure 1) due to the #2%-coordination of the
Ti—C=C—SiMe; ligands to the copper atom. The same
behavior is observed in similar bis(»2-alkyne)CuX com-
plexes (X = singly bonded organic or inorganic ligand).??

3a: R =SiMe;
3b: R="Bu
3c; R=Ph

The 7'-bonded (trimethylsilyl)ethynyl unit, CuC=CSiMes,
has a geometry typical for a noncoordinating alkynyl
ligand (C11-C12 = 1.215(6) A, Cul-C11-Cl2 =
175.6(3)°, C11-C12~8i3 = 171.4(4)°; see Figure 1).

Surprisingly, complex 1 reacts selectively with 1/4
[CuO-t-Buly (6) in Et;0 at ambient temperature to yield
quantitatively the dimeric complex [(#5-CsH4SiMe3)oTi-
(C=CSiMe3}(C=CCu)lz (7). The intermediate formation
of the bis(n2-alkyne) coordination complex [(75-CsH,-
SiMej)Ti(C=CSiMe3)2]CuO-£-Bu (8) is not observed;
elimination of ¢{-BuOSiMe; (as detected with GC—MS)
and the formation of 7 is instantaneous and quantita-
tive. Other nucleophiles (e.g. F~ and EtO~) show a
similar reactivity toward complexes 3, although the
reaction is much slower and less selective due to
competitive cleavage of the Ti—C=C bond (see Scheme
2).

Complex 7 is a dark red solid which melts with
decomposition at 157 °C; it is air-stable and is soluble
in most organic solvents. The thermal and kinetic
gtability of 7 is remarkable, since bimetallic acetylide
species of copper(I) (CuC=CM) are usually very reactive
and can be explosive.!s

A cryoscopic molecular weight determination of 7 in
benzene indicates that it is dimeric in solution. Vari-
able-temperature 'H NMR experiments indicate that 7
maintains this aggregation state in solution; in the
temperature range 207—353 K the 'H spectra remain
essentially identical.

The molecular structure of 7 (see Figure 2)® comprises

(5) Lemmen, T. H.; Goeden, G. V.; Huffman, J. C.; Geerts, R. L.;
Caulton, K. G. Inorg. Chem. 1990, 29, 3680—3685.

(6) Single crystals of 7 were grown from a saturated diethyl ether
solution at —30 °C. 7 contains one molecule of Et30 in the unit cell:
CueH70CusSigTixEt;0, dark orange crystal (0.30 x 0.20 x 0.40 mm),
secured in a glass capillary and sealed under nitrogen, triclinic, space
group P1, with o = 11.714(3) A, b = 12.190(4) A, ¢ = 12,581(3) A, a. =
101.12(2)°, B = 117.39(2)°, y = 90.54(2)°, V = 1555.2(8) A%, Z = 1, deatea
= 1.241 g em—3, F(000) = 616, u(Mo Ka) = 10.7 em~!. Diffraction data
were collected on a Siemens (Nicolet Syntex) R3m/V diffractom-
eter by using the 6—26 technique (26 limits 2 < 26 < 47°, scan range
0.75°, scan speed 3 < w < 29.3° min~! and Mo Ka radiation (1 =
0.710 79 A). The structure was solved by direct methods (SHELXTL-
PLUS) on 4240 unique reflections with F > 40(F). Non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were fixed at
calculated positions (number of variables 284). An empirical absorp-
tion correction was applied. Final discrepancy indices: R = 0.030 and
wR = 0.031.
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Scheme 2

Me,Si
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+  1/4[CuO'Bu),
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Me,St SiMe,
@ / +Nu
~ ~
Ti Cu-C=C-R
&N,
SlMe3

Figure 2. Molecular structure of 7 (ORTEP, thermal
ellipsoids at 50% probability). Selected bond distances (A)
and bond angles (deg): Til—-Cul, 2.911(1); Cul—Cula,
2.998(1); Cul-C22, 2.107(2); Cul-C23, 2.161(3); Cul~
C23a, 1.920(8); Cul—C17, 2.030(3); Cul-C18, 2.086(3);
C17-C18, 1.234(3); C22—C23, 1.243(4); Ti1l—-C17, 2.097(3);
Til—C22, 2.079(3); Til—C17—C18, 164.6(2); C17—C18—Si3,
165.0(2); Ti1l—C22—-C23, 163.4(2); C22—C23—-Cula, 165.0(2);
C17-Ti1-C22, 90.5(1); Cul—C23—Cula, 94.4(1).

a dimer of the bimetallic acetylide (#5-CsH,SiMes).Ti-
(C=CSiMe3)(C=CCu) in which the alkynyl ligand within
the Ti—C=C—Cu entity is also #%-bonded to a second
copper atom, thus forming an alkyne-bridged dimer. The
C=C bond lengths of the alkyne ligands within this
building block are lengthened from 1.208 A in 1 to
1.234(3) A (TiC=CSi) and 1.243(4) A (TiC=CCu) in 7.
Each copper atom exhibits a somewhat distorted tri-
gonal planar geometry with two #2- and one #!-bonded
alkynyl ligands. The Ti—C=C—Cu moiety deviates
from linearity upon its n2-coordination to a second
copper atom (Cul) (Til—-C22-C23 = 163.4(2)°, Cula—
C23—C22 = 165.0(2)°). The central Cuy(2-C=C), core
of 7 has a structural arrangement which corresponds
to that observed in most polynuclear alkynylcopper(l)

Me.Si
&S} SiMe,

1 \ CU SiMe;;

GO
MesSi \/ \©

Me;;Si

7

compounds, in which the alkynyl ligands are »!- as well
as n2-bonded to copper atoms, thus forming an infinite
zigzag chain.18

In the IR spectrum of 7 two distinct v(C=C) vibrations
at 1896 cm~! (TiC=CSi) and 1844 cm™! (TiC=CCu) are
observed. These IR data are in agreement with the 52-
coordination of both TiC=CSi and TiC=CCu entities to
the copper atom. Note that the C=C vibration fre-
quency for the TiC=CSi unit in 7 is the same as that
found in complex 3a.

The bis(y2-alkyne)(nl-alkynyl) complexes 8 and 7 are
surprisingly stable. They are selectively formed by self-
assembly from alkynylcopper or copper alkoxide ag-
gregates and the bis(alkynybtitanocene 1. Moreover,
dimeric 7 can be formed from monomeric 3, when
nucleophiles are present in solution (Scheme 2).

The coordination properties of the chelating bis-
(alkyne) ligand 1 are currently being investigated for
the synthesis and isolation of stabilized mononuclear
aryl-, alkenyl-, or alkylcopper(I) fragments out of hetero-
copper and cuprate reagents. As an example, the
isolation of [(55-CsHSiMes) Ti(C=CSiMe;s)s]Cu{CsH,-
NMe;-4} from in situ prepared Cu{CsHNMes-4}7 has
recently been achieved.?
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Summary: The reaction between closo-exo-Li(TMEDA)-
1-Li(TMEDA)-2,3-(SiMeg)2-2,3-CsB4H4 (1a) and anhy-
drous ErCls, in a molar ratio of 2:1, in dry benzene at 0
°C produced, in 93% yield, a novel Er{(I1l) bent-sandwich
complex, [Li(TMEDA)yJ[1-Cl-1-(u-Cl)-2,2',3,3' -(SiMeg) 4
5,6-[(u-H)sLi(TMEDA)]-4,4',5"-[(u-H)3sLi(TMEDA)]-1,1’-
commo-Er(2,3-C3B4Hyo] (2), as an orange crystalline
solid. The reaction of 2 with 1 equiv of closo-exo-Li-
(TMEDA)-1-Li(TMEDA)-2,4-(SiMe3)s-2,4-CoB4H4 (1) in
dry benzene at 0 °C produces the pink, dimeric Er(11l)
mixed-carborane bent-sandwich complex {Li(TMEDA)s}s-
{ecommo-1-[2,3-(SiMeg)2-2,3-CoBHJ-1-Er-[2,4-(SiMe3)s-
2,4-C9B H Y2 (3) in 95% yield, thus demonstrating a
possible general synthetic route to mixed-carborane metal
complexes.

The majority of the metallaborane and metallacar-
borane sandwich compounds described in the literature
are those in which a metal, or metal group, is bonded
to nido-polyhedral boron cage fragments of the same
type.! Most of the mixed-ligand complexes that have
been prepared are those having either a cyclopentadi-
enide (CsR5™), or some other cyclic organic 7 donor, as
the companion ligand to a carborane.!=3 The scarcity
of sandwich complexes containing two different carbo-
rane ligands stems mainly from the well-known fact
that the simultaneous complexation of a metal moiety
with two similar but nonidentical ligands would produce
not only mixed-ligand metal complexes but also the
species derived from each of the ligands exclusively
bonding. The ability to systematically synthesize sand-
wich complexes containing two similar carborane ligands
would allow for the introduction of modifications that
might enhance certain desirable properties of the mol-
ecules. Recently, Grimes and co-workers have shown
that a number of multidecker complexes with different
metals and different carborane ligands could be syn-

t Southern Methodist University.
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thesized through a sequential complexation—degrada-
tion process.* However, a general systematic approach
to the exclusive formation of a complex in which a metal
is sandwiched by two different carborane ligands has
yet to be demonstrated. We report herein the synthesis
of an anionic chloroerbacarborane bent-sandwich com-
plex of a 2,3-C2B4 carborane system and its subsequent
reaction with the dilithium-complexed [2,4-(SiMeg)2-2,4-
C2B4H,41?~ dianion to produce, in high yield, a dimeric,
dianionic, mixed-ligand erbacarborane containing one
2,3-C3B4 and one 2,4-CyB, carborane ligand. To our
knowledge, these compounds constitute the first re-
ported erbium complexes of any carborane ligand and
are some of the few examples of metallacarborane
sandwich compounds having two different carborane
ligands.5

Treatment of closo-exo-Li(TMEDA)-1-Li(TMEDA)-2,3-
(SiM63)2-2,3-CzB4H4 (la; TMEDA = (MezNCHz)z)e with
anhydrous ErCls in a molar ratio of 2:1 in dry benzene
produced an Er(III) bent-sandwich complex, [Li(T-
MEDA);1[1-Cl1-1-(u-C1)-2,2",3,3’-(SiMe3)4-5,6-[ (u-H)aLi-
(TMEDA)]-4,4",5"-[(u-H)sLi(TMEDA)]-1,1’-commo-Er-
(2,3-CyB4Hy)21 (2), as an orange crystalline solid, in 93%
yield.” This high-yield production of 2 is quite different
from the results found for the reaction of the cor-
responding THF-solvated analogue of 1a with a number
of different LnCl; salts, in which the only lanthanide-
containing products were the trinuclear clusters {{#5-
1-Ln-2,3-(SiMeg)2-2,3-CoB4HJa[ (u-1-Li-2,3-(SiMes)q-2,3-
CyB4Hy)s-(us-OMe)][u-Li(C4Hg0)13(43-0)} (Ln = Sm, Gd,
Dy, Ho, Tb).1* Further treatment of 2 with 1 equiv of
closo-exo-Li(TMEDA)-1-Li(TMEDA)-2,4-(SiMej3)2-2,4-
C2BsH,4 (1b) in dry benzene at 0 °C resulted in the
formation of a pink, dimeric Er(III) mixed-carborane
sandwich complex, {Li(TMEDA).}s{commo-1-[2,3-
(SiMe3)p-2,3-CoB4HyJ-1-Er-[2,4-(SiMe3)s-2,4-CoB4Hyl}2 (3),
in 95% yields (Scheme 1).7 The high-yield substitution
of one of the complexed 2,3-C3B4 units by a 2,4-C3B4
ligand, along with concomitant Cl~ elimination and
dimerization of the resulting erbacarborane mixed-
sandwich complexes, was unexpected. At this point the
driving force for this reaction is not known. However,
the almost quantitative yield indicates that this present

(4) (a) Grimes, R. N. Chem. Rev. 1992, 92, 251. (b) Wang, X.; Sabat,
M.; Grimes, R. N. J. Am. Chem. Soc. 1994, 116, 2687.

(5) Wang, Z.-T.; Sinn, E.; Grimes, R. N. Inorg. Chem. 1985, 24, 834.

(6) Hosmane, N. S.; Saxena, A. K.; Barreto, R. D.; Zhang, H.;
Maguire, J. A,; Jia, L.; Wang, Y.; Oki, A. R.; Grover, K. V.; Whitten, S.
J.; Dawson, K.; Tolle, M. A.; Siriwardane, U.; Demissie, T.; Fagner, J.
S. Organometallics 1993, 12, 3001.
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methodology may constitute a general, systematic ap-
proach to the synthesis of a series of mixed-ligand
metallacarborane complexes that would be of both
theoretical and practical interest. The generality of this
reaction is currently being explored in our laboratories.

Although the paramagnetism of 2 and 3 precluded
obtaining useful NMR data, the IR and the microana-
lytical data for these compounds are consistent with
their molecular formulas and solid-state X-ray struc-
tures.® The mixed-carborane structure of 3 is the only
one that is consistent with the stoichiometry and
product yields of its synthetic scheme.” Electron para-
magnetic resonance signals could not be detected for
either the solid samples of 2 and 3 or their frozen
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toluene glasses at 3.1 K, indicating that the complexes
have very efficient relaxation or have g factors beyond
the range of the X-band spectrometer used for these
measurements.’ However, both 2 and 8 exhibit Curie
law behavior with effective moments per Er atom
slightly less than the expected u.g*"¢e (where u g2 ¢ is
the effective moment of a free Er®* ion). The lower than
expected magnetic moments are most likely due to
errors in the determination of the sample mass.}® No
indication of magnetic ordering was observed down to
5 K. The X-ray structures of 2 and 3 (see Figures 1 and
2)11 show that the complexes have bent-sandwich ge-
ometries that are quite similar to those of the cyclopen-
tadienyl dimer [Cp2ErC=C(CHj);]5!12 and the metalla-

(7) Synthesis of 2: A 6.37 mmol (2.96 g) sample of closo-exo-Li-
(TMEDA)-1-Li(TMEDA)-2,3-(SiMeg)e-2,3-C2BH, (1a)¢ was reacted with
3.19 mmol (0.872 g) of anhydrous ErCl; in dry benzene (30 mL) at 0
°C for 12 h, during which time the orange solution turned turbid. The
mixture was then filtered in vacuo and the residue washed repeatedly
with a solvent mixture of n-hexane (10%) and benzene (90%) to obtain
a clear orange filtrate. The white solid left on the frit (not measured)
was identified as LiCl by qualitative analysis and by "Li NMR spectra.
After slow removal of the solvents from the filtrate, an orange, air-
sensitive crystalline solid, identified as [Li(TMEDA)][1-Cl-1-(u-Cl)-
2,2,3,3'-(SiMes)y-5,6-[ (u-H):LiITMEDA)1-4,4/,5'-[(u-H)3Li-(TMEDA)]-
1,1’-commo-Er(2,3-C;B,H,)z] (2), was obtained in 93% yield (3.44 g,
2.97 mmol; soluble in polar and slightly soluble in nonpolar organic
solvents; mp 240 °C dec). Synthesis of 3: A 20 mL benzene solution
containing 0.54 g (1.17 mmol) of the dilithiacarborane closo-exo-Li-
(TMEDA)-1-Li(TMEDA)-2,4-(SiMe3);-2,4-CoB.H, (1b) (Zhang, H.; Wang,
Y.; Saxena, A. K.; Oki, A. R.; Maguire, J. A.; Hosmane, N. S.
Organometallics 1993, 12, 3933) was poured, in vacuo, into a 10 mL
benzene solution containing 1.36 g (1.17 mmol) of 2 at 0 °C, and the
resulting solution was stirred for 24 h at this temperature, during
which time the pink solution turned turbid. The mixture was then
filtered in vacuo and the residue washed repeatedly with dry benzene
to obtain a clear, light pink filtrate. The white solid on the frit (not
measured) was identified as LiCl by qualitative analysis and by "Li
NMR spectra. After slow removal of nearly 60% of the solvent at 0 °C
in vacuo, pink, air-sensitive crystals, identified as {Li(TMEDA);}»-
{commo-1-{2,3-(SiMes)2-2,3-CoBsH,}-1-Er-[2,4-(SiMes)2-2,4-CoB,Hyl}2 (3),
were collected (0.94 g, 0.56 mmol; 95% yield; soluble in polar and
slightly soluble in nonpolar organic solvents; mp >250 °C). The
remaining solvent was then removed from the filtrate in vacuo, to
isolate an off-white solid (0.52 g, 1.12 mmol) which was later identified
by 'H, 1B, and 7Li NMR spectra as 1la.f Compound 1b was not
identified among the products. The X-ray-quality crystals of 2 and 8
were grown from their benzene solutions.

(8) Compound 2: IR (cm!) 2514 (s, s), 2465 (s, br), 2413 (br, sh)
[MB—H)]. Anal. Calcd for C40H;0sNsBsSi4CloLisEr: C, 41.46; H, 9.39;
N. 9.67; Cl, 6.12. Found: C, 41.48; H, 9.18; N, 9.46; Cl, 5.92. Complex
3: IR (em™1) 2580 (sh), 2515 (s, s), 2460 (s, br), 2410 (sh) [B-H)];
Anal. Caled for CsgH152NsB1gSigLizEre1.5 C¢He: C, 43.33; H, 9.01; N,
6.22. Found: C, 43.73; H, 10.02; N, 5.75.

(9) EPR spectra of 2 and 8 were recorded on a Bruker ESP 300
spectrometer in the X band (9.6 GHz).

(10) Magnetic susceptibility measurements were made on a MPMS
Quantum Design magnetometer at an external field of 0.1 T.

(11) X-ray data for 2 (CmegNsBsShClel‘Lia‘Oﬁ CsHs; fw 1198.2;
P21212) and 3 (C56H152N3B16SisEr2Li2; fw 1683.9' P21/n). Data were
collected at 230 K on a Siemens R3m/V diffractometer with a
21.051(6) and 12.605(3) A, b = 23.435(6) and 23.891(6) A, ¢
14.148( g‘and 16.400(3) A, ﬂ 90.0 and 108.73(2)°, V = 6980(3) and
4647(2) Z =4 and 2, and Doaiea = 1.140 and 1.196 g/cm3 for 2 and
3, respectxvely. Of the 4166 and 5308 reflections collected (26 = 3.5—
42°), 2962 and 3209 reflections were considered as observed (F >
6.00(F)) and were corrected for Lorentz, polarization, and absorption
effects. Both structures were solved by heavy-atom methods, and block-
diagonal least-squares refinements were performed by using SHELXTL-
PLUS (Sheldrick, G. M. Structure Determination Software Programs;
Siemens Analytical X-ray Instruments, Inc., Madison, WI, 1990). A
discrete zwitterionic chloroerbacarborane, a LiTMEDA) cation, and
a half-C¢Hg molecule of crystallization were located in the asymmetric
unit of the structure of 2. The TMEDA's in the cationic unit and the
lattice CgHg are disordered. All non-H atoms, except for the N and C
atoms of the disordered groups in 2 and the disordered Me groups on
Si(4) in 3, were refined anisotropically. Bonds in the disordered groups
were restrained during the final cycles of refinements. Methyl and
methylene H's in the nondisordered groups were placed in calculated
positions, and the cage H’s, located in DF maps, were not refined. The
final refinements converged at B = 0.056 and 0.037, Ry = 0.072 and
0.047, and GOF = 1.68 and 1.08 for 2 and 3, respectively.
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Figure 1. Perspective view of 2 drawn at the 40%
probability level. Pertinent distances (A) and angles (deg):
Er—(C3Bj; centroid 1,2), 2.332, 2.351; Er—CI(1,2), 2.583(5),
2.666(5); (centroid 1)—Er—(centroid 2), 129.7; Cl(1)—Er—
Cl(2), 97.0 (2); (centroid 1,2)-Er—Cl(1, 2), 105.8, 103.0,
110.7, 105.5 (see Supplementary Table S-2 for detailed
bond lengths and angles). The cationic Lit'(TMEDA); unit,
the CgHg molecule of crystallization, and the methyl and
methylene H’s are omitted for clarity.

carborane complexes of the d? metals Y(III),!? Ti(IV),}
Zr(IV),# and Hf(IV).15 The Cent(1)—Er—Cent(2) angles
129.7° and 135.5° for 2 and 3, respectively, are quite
close to the Cp—Er—Cp value of 130.2° found for [Cpg-
ErC=C(CHj3)3)2!2 and are within the 130—135° range of
the analogous angles in the d° metallacarboranes.313-15
The bent-sandwich geometry allows for the inclusion of
two Cl~ ions in the primary coordination sphere of the
Er in 2, giving a very distorted tetrahedral arrangement
about the metal; the CI(1)-Er—Cl(2) angle is 97.7°,
which is substantially smaller than the other ligand~-
Er-ligand bond angles in 2 (see Figure 1). The average
Er—Cl bond distance in 2 is 2.624 A, which is close to
the value of 2.617 A for the analogous distances in
CpErCly(THF)3.18¢ However, the two Er—Cl bond dis-
tances in 2 differ by about 0.08 A, which is outside the
experimental uncertainties in the measured bond lengths.
This unequal bonding may be the result of the rather
strong interaction between Cl(2) and one of the bridging
Li* ions, Li(2); the Li(2)—C1(2) distance is 2.435 A, which
is well within the sum of the van der Waals radii of the
two substances.)” The replacement of a 2,3-C3B4 car-
borane with its 2,4-CoB,4 isomer as one goes from 2 to 3

(12) Atwood, J. L.; Hunter, W. E.; Wayda, A. L.; Evans, W. J. Inorg.
Chem. 1981, 20, 4115.

(13) Oki, A. R.; Zhang, H.; Hosmane, N. S. Organometallics 1991,
10, 3964.

(14) (a) Siriwardane, U.; Zhang, H.; Hosmane, N. S. J. Am. Chem.
Soc. 1990, 112, 9637. (b) Thomas, C. J.; Jia, L.; Zhang, H.; Siriwar-
dane, U.; Maguire, J. A.; Wang, Y.; Brooks, K. A.; Weiss, V. P;
Hosmane, N. S. Organometallics 1995, 14, 1365.

(15) Zhang, H.; Jia, L.; Hosmane, N. S. Acta Crystallogr., Cryst.
Struct. Commun. 1993, C49, 453.

(16) Day, C. S.; Day, V. W.; Ernst, R. D.; Vollmer, S. H. Organo-
metallics 1982, 1, 998,

(17) Bondi, A. J. Phys. Chem. 1964, 68, 441.

Figure 2. Perspective view of 3 drawn at the 40%
probability level. Pertinent distances () and angles (deg):
Er—(2,3-C3B; centroid), 2.280; Er—(2,4-C;B; centroid),
2.319; Er—B(15a), 2.634(11); Er—B(16a), 2.653(12); Er(a)—
B(15), 2.634(11); Er(a)—B(16), 2.653(12) (see Supplemen-
tary Table S-2 for detailed bond lengths and angles). The
cationic Li*(TMEDA), units and the silylmethyl H’s are
omitted for clarity.
induces some unexpected changes in geometry. While
this replacement does not materially change the Er—
carborane interactions (the Er—cent distances in com-
pounds 2 and 3 are similar; see Figures 1 and 2),
substantial alterations occur in other parts of the
molecule. In addition to the 2,3-C2B;4 carborane ligand,
the two Cl~ ions, along with their Li* counterions, are
displaced and dimerization in 3 is accomplished through
two Er—H-B bridging interactions. Such interactions
have been observed in the [commo-1-Cp-1-Ti-2,3-(SiMes)o-
2,3-C;B4Hyle dimer and in a number of main-group
metallacarborane complexes.le18

The presence of reactive Cl~ ligands on Er(III) strongly
suggests that 2 can also be converted to the correspond-
ing metal alkyl derivatives, which may in turn act as
precursors to a number of organic and organometallic
transformations. Such an investigation is currently
underway in our laboratories.
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Summary: A series of selenium derivatives of permeth-
yltantalocene, which include Cp*sTa(n?-Ses)H, Cp*s:Ta-
(Se)SeH, Cp*;Ta(Se)H, and Cp*sTa(Se)l have been
prepared. The selenido—iodide complex Cp*:Ta(Se)l
exhibits novel reactivity differences with MeMgl and
MelLi, to give the selenido—methyl complex Cp*;Ta(Se)-
CHj; and selenoformaldehyde—hydride complex Cp*:Ta-
(n?-SeCH2)H, respectively.

As an extension of our interest in metal—ligand
multiple bonding,! we have recently described some
studies concerned with terminal tellurido and telluro-
formaldehyde complexes of permethyltantalocene.?
Specifically, we reported the syntheses of Cp*;Ta(Te)H,
Cp*3Ta(Te)CHgs, and Cp*;Ta(n2-TeCHy)H (Cp* = 5%-Cs-
Mes), i.e. the tellurium analogues of the (i) oxo and
formaldehyde and (ii) sulfido and thioformaldehyde
derivatives described by Bercaw.?=3 In this paper, we
report the syntheses of the previously unknown mem-
bers of this series, namely the selenium derivatives
Cp*;Ta(Se)H, Cp*;Ta(Se)CHj, and Cp*;Ta(72-SeCHg)H.
Furthermore, since organotantalum selenium complexes
are not common,® comparisons with the analogous
tellurium system provide a rare opportunity to demon-
strate how the chemistry of these complexes varies as
a function of the chalcogen.

A convenient entry to selenium complexes of per-
methyltantalocene is provided by the synthesis of the
diselenido complex Cp*;Ta(5?-Sez)H upon reaction of
Cp*;TaH3 with elemental selenium at room tempera-
ture, in the absence of light (Scheme 1).7% In the
presence of ambient light, however, Cp*sTa(n2-Sex)H is
smoothly converted to the selenido-hydroselenido com-
plex Cp*;Ta(Se)SeH over a period of days (Scheme
1).79.10 The transformation to Cp*;Ta(Se)SeH may also
be carried out in the dark at 100 °C, although the
conversion is accompanied by some decomposition.

® Abstract published in Advance ACS Abstracts, February 15, 1995.

(1) Rabinovich, D.; Parkin, G. J. Am. Chem. Soc. 1991, 113, 5904—
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(5) Nelson, J. E.; Parkin, G.; Bercaw, J. E. Organometallics 1992,
11,2181-2189.

(6) For a recent report of organotantalum selenium complexes, see:
Tatsumi, K.; Kawaguchi, H.; Tani, K. Angew. Chem. Int. Ed. Engl.
1993, 32, 591-593.

(7) See the supplementary material for complete synthetic details
and characterization data.
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The formation of Cp*;Ta(Se)SeH provides an inter-
esting contrast to the corresponding tellurium system,
for which the ditellurido—hydride derivative Cp*sTa-
(n%-Tex)H? is stable with respect to Cp*;Ta(Te)TeH
under comparable conditions. The facile formation of
the Cp*;Ta(Se)SeH tautomer for the selenium system
is most probably a consequence of both (i) stronger
Se—H versus Te—H bonds!! and (ii) the increased
preference for the lighter element to partake in multiple
bonding.12.13

The relationship between Cp*;Ta(y2-E2)H and Cp*,-
Ta(E)EH (eq 1) bears analogies with several other

(8) A mixture of Cp*;TaH; (0.27 g, 0.59 mmol) and Se (0.14 g, 1.8
mmol) in benzene (ca. 25 mL) was stirred at room temperature for 3
days in the absence of light. After this period the mixture was filtered,
the volatile components were removed in vacuo, and the residue was
washed with cold pentane to give Cp*;Ta(52-Se)H as a purple solid
(0.32 g, 88%). The [Ta(n2-Sez)H] moiety of Cp*;Ta(#2-Sex)H is charac-
terized by (i) an absorption at 1777 cm~! in the IR spectrum attribut-
able to »(Ta—H), (ii) two 77Se NMR signals at 6 ~408 and 54 ppm with
e ge-5e = 295 Hz, of which the resonance at 54 ppm also exhibits 2Jg.-n
= 19 Hz, and (iii) a signal at 1.42 ppm in the 'H NMR spectrum with
71Se satellites (2Jg.-g = 19 Hz) assignable to [Ta—H].

(9) A mixture of Cp*;TaHj; (0.32 g, 0.71 mmol) and Se (0.17 g, 2.1
mmol) in toluene (ca. 30 mL) was stirred at room temperature for 1
day, without precautions being taken to keep out ambient light. After
this period the mixture was filtered and stirred for a further ca. 3-8
days, until only Cp*sTa(Se)SeH was observed by 'H NMR spectroscopy.
The volatile components were removed in vacuo, and the residue was
washed with cold pentane to give Cp*;Ta(Se)SeH as a yellow-brown
solid (0.33 g, 756%). The [Ta(Se)SeH] moiety of Cp*;Ta(Se)SeH is
characterized by (i) an absorption at 2250 cm~! in the IR spectrum
attributable to ¥(Se—H), (ii) two 77Se NMR signals at 6 —209 and 2363
ppm, of which the resonance at —209 ppm exhibits 1Jg.-g = 26 Hz,
and (iii) a signal at —3.96 ppm in the 'H NMR spectrum with 7"Se
satellites (!Jg.- = 26 Hz) assignable to [TaSe—H].

(10) Other examples of terminal hydroselenido complexes include
trans-Pt(PEt3)x(SeH),, 102 trans-Pt(PEt;)o(SeH)H, %2 Cp*;Ti(SeH)s (1/so—n
= 27 Hz),1%* and (dppe)Ni(SeH);.1% (a) Blacklaws, 1. M.; Ebsworth, E.
A.V.; Rankin, D. W, H.; Robertson, H. E. J. Chem. Soc., Dalton Trans.
1978, 753—758. (b) Bottomley, F.; Chin, T.-T.; Egharevba, G. O.; Kane,
L. M.,; Pataki, D. A.; White, P. S. Organometallics 1988, 7, 1214—1221,
(¢) Schmidt, M.; Hoffmann, G. G. Angew. Chem., Int. Ed. Engl. 1978,
17, 598—599.

(11) For reference, the E—H bond energies in HySe and HyTe are
73 and 64 keal mol~1, respectively. See: Gunn, S. R. J. Phys. Chem.
1964, 68, 949-952.

(12) (a) Norman, N. C. Polyhedron 1993, 12, 2431—2446. (b) Kut-
zelnigg, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 272—-295.

© 1995 American Chemical Society
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systems for which there exist pairs of tautomers of the
general types Cp*;Ta(n%-XY)H and Cp*;Ta(X)YH. Some

E E=Se, Te E
' \
Z Cp'zTa<_ ("
EH H

Cp‘zTa\

specific examples include (i) Cp*:Ta(»%-ECH3)H and
Cp*:Ta(E)CH; (E = O, 8, Se, Te), (ii} Cp*.Ta(n?-CHs-
NMe)H and Cp*;Ta(NMe)CHj, and (iii) Cp*eTa(n?-CHs-
CHjy)H and Cp*;Ta(CH3)CHs.4

Both Cp*;Ta(2-Sez)H and Cp*:Ta(Se)SeH are con-
verted to the selenido—hydride complex Cp*;Ta(Se)H
upon reaction with PMe; (Scheme 1).71415 The tel-
lurido—hydride complex Cp*;Ta(Te)H was previously
synthesized from Cp*;Ta(72-Tes)H by a similar method,
but, in addition to PMes, mercury was also required in
order to provide a more effective driving force.?

The selenido—iodide derivative Cp*sTa(Se)l is readily
obtained by reactions of both Cp*;Ta(5?-Sez)H and Cp*s-
Ta(Se)SeH with Mel (Scheme 1).7 Interestingly, how-
ever, Cp*;Ta(Se)l is not obtained as a product of the
reaction of the selenido—hydride Cp*;Ta(Se)H with Mel,
which gives, preferentially, the diiodido—hydride com-
plex Cp*sTaHIj.1¢

Cp*2Ta(Se)l serves as a useful synthetic precursor for
other organotantalum selenium derivatives. In this
context, Cp*;Ta(Se)l exhibits at least two different
reaction pathways with alkyllithium and Grignard
reagents, which may be regarded to be a result of attack
at either the tantalum center or the selenido ligand.l?
The specific pathway followed is a sensitive function of
both the alkyl and metal moieties of the [RM] reagent.
For example, the selenido—methyl complex Cp*;Ta(Se)-
CHj; is produced by the reaction of Cp*oTa(Se)l with
MeMgl, whereas the selenoformaldehyde—hydride tau-
tomer Cp*;Ta(n2-SeCHg)H!® is obtained by the reaction
of Cp*yTa(Se)l with MeLi. Moreover, Bu?Li reacts with
Cp*eTa(Se)l to give the selenoaldehyde complex Cp*s-
Ta(52-SeCHPr*H, while Bu"MgCl gives the selenido—
alkyl derivative Cp*;Ta(Se)Bu.”!® In contrast, how-

(13) It is interesting to note that the disulfido—hydride complex of
niobium (55-CsMesEt);Nb(72-S2)H has been reported to convert to a
mixture of (73-CsMesEt)Nb(S)SH and (75-CsMe Et)oNb(#2-S2)SH at 110
°C.132 The tantalum disulfido—hydride complex (5-CsH Bu®)sTa(n?-
S2)H has also been prepared, but details of possible isomerization were
not reported.!3® However, the methyl derivative CpsTa(2-S3)CHj has
been shown to be converted photochemically to a mixture that contains
CpsTa(S)SMe and Cp;Ta(S)Me.!% (a) Brunner, H.; Gehart, G.; Meier,
W.; Wachter, J.; Nuber, B. J. Organomet. Chem. 1993, 454, 117—122.
(b) Bach, H.-J.; Brunner, H.; Wachter, J.; Kubicki, M. M.; Leblanc,
J.-C.; Moise, C.; Volpato, F.; Nuber, B.; Ziegler, M. L. Organometallics
1992, 11, 1403—1407. (¢) Proulx, G.; Bergman, R. G. J. Am. Chem.
Soc. 1994, 116, 7953—7954.

(14) The [Ta(Se)H] moiety of Cp*:Ta(Se)H is characterized by signals
at 6 8.91 and 2153 ppm in the 'H and 77Se NMR spectra, respectively,
and an absorption assignable to »(Ta—H) at 1844 cm™! in the IR
spectrum.

(15) The conversion of Cp*;Ta(72-Sep)H to Cp*Ta(Se)H is reversible,
in that addition of selenium to Cp*;Ta(Se)H slowly regenerates Cp*;-
Ta(n?-Sez)H in the dark.

(18) Cp*;TaHI; may also be obtained by the direct reaction of Cp*,-
TaHs with Mel.

(17) To a certain degree, the dual reactivity associated with the
[Ta=Se] moiety has parallels in the reactions of Cp*;W=0 with
electrophiles, in which attack may occur at either the d? tungsten
center or the oxo ligand. See: Parkin, G.; Bercaw, J. E. Polyhedron
1988, 7, 2053—2082.

(18) The [Ta(%-SeCHy)] moiety in Cp*;Ta(52-SeCHg)H is character-
ized by 'H, 13C, and ""Se NMR signals at é 2.45 (d, %Jy-g = 3 Hz), &
50.5 (t, }Jc-u = 143 Hz), and 6 —595 ppm, respectively.
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ever, both lithium and magnesium (trimethylsilyl)methyl
derivatives, LICHySiMe; and Me3SiCHoMgCl, react with
Cp*oTa(Se)l to give the selenido—alkyl derivative Cp*s-
Ta(Se)CH:SiMe;.” The isolation of only Cp*.Ta(Se)CHs-
SiMe; from the latter reactions is presumably a conse-
quence of the greater steric interactions that would exist
between the SiMes group and the Cp* ligands within
the selenoaldehyde complex Cp*sTa(n?-SeCHSiMe3)H.
Finally, a further class of reactivity exhibited by Cp*s-
Ta(Se)I is observed with the secondary and tertiary
alkyl derivatives PriMgCl, ButMgCl, and ButLi, which
yield the selenido—hydride derivative Cp*:Ta(Se)H as
a consequence of 5-H elimination (Scheme 2).

Although mononuclear selenoformaldehyde complexes
are known,2° the synthesis of Cp*;Ta(#2-SeCHz)H by
functionalization of the terminal selenido ligand of Cp*s-
Ta(Se)l is of particular significance since Cp*;Ta(n?-
SeCHg)H could not be isolated by adopting an approach
analogous to that used for the preparation of Cp*;Ta-
(n?-TeCHz)H. Thus, whereas Cp*:Ta(n?-TeCH2)H is
obtained by the reaction of the methylidene—hydride
complex Cp*,Ta(CHg)H with elemental Te and PMe;,?
the corresponding reaction between Cp*;Ta(CH2)H and
elemental Se produced a mixture, of which both Cp*s-
Ta(2-SeCH3)H and Cp*sTa(Se)Me were only minor
components.2! Moreover, in contrast to the tellurium
analogue, the selenoformaldehyde moiety adopts an
orientation in which the CHg group is located in the
central equatorial position, analogous to the case for
Cp*;Ta(n?-ECH2)H (E = O, S), rather than the lateral
position observed for Cp*;Ta(;72-TeCHg)H.222

The formation of the Cp*;Ta(#2-SeCHs)H tautomer in
the reaction of Cp*;Ta(Se)I with MelLi is a reflection of
kinetic control, since Cp*sTa(#2-SeCHz)H is unstable

(19) In addition, PhLi and PhMgCl react with Cp*;Ta(Se)l to give
the spectroscopically characterized derivatives Cp*Ta(n2-SeCeHy)H
and Cp*;Ta(Se)Ph, respectively.

(20) Mononuclear selenoformaldehyde complexes include CpRh-
(PMe3)(n2-CH2Se),202 Os(72-CH2Se )(CO)2(PPha)s, 2% Os(72-CH2Se)NO)-
(C)(PPhj)p,2* and [CpRe(;72-CHySe)(NOYPPhy)]+.20d (a) Paul, W,;
Werner, H. Angew. Chem., Int. Ed. Engl. 1983, 22, 316—317. (b)
Headford, C. E. L.; Roper, W. R. J. Organomet. Chem. 1983, 244, C53—
C56. (c) Hill, A. F.; Roper, W. R.; Waters, J. M,; Wright, A. H. J. Am.
Chem. Soc. 1988, 105, 5939—5940. (d) McCormick, F. B. Organome-
tallics 1984, 3, 1924-1927.

(21) It is, however, possible that one of the unidentified products of
this reaction is the Se-endo isomer of Cp*;Ta(2-SeCH)H, analogous
to the tellurium system.

(22) The lateral location of selenium is suggested by the observations
of (i) magnetization transfer between the hydride and methylene
groups and (ii) a coupling of the selenoformaldehyde carbon atom with
the Ta—H group (%Jc_»g = 11 Hz), analogous to the values observed
for Cp*,;Ta(n2-OCHp)H (3Jc-g = 7 Hz)?22 and Cp*;Ta(n2-SCH)H (2J¢-u
=10 Hz).5 In contrast, 2Jc-g was not observed for Cp*;Ta(2-TeCHz)H.2
(a) Burger, B. J. Ph.D. Thesis, California Institute of Technology,
Pasadena, CA, 1987.
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with respect to Cp*sTa(Se)CH;3.22 Furthermore, since
Cp*eTa(5?-SeCHg)H only isomerizes to Cp*sTa(Se)CHj
at an appreciable rate at ca. 110 °C, the formation of
Cp*:Ta(Se)CH; in the reaction with MeMgl also pre-
sumably reflects kinetic control.24

The isomerization of Cp*;Ta(?-SeCHy)H to Cp*;Ta-
(Se)CHj; is a first-order process (8 = 1.5(2) x 1073 g71
at 110 °C), and the conversion of the d3 derivative Cp*s-
Ta(n?-SeCDy)D is characterized by an inverse kinetic
isotope effect (kw/kp = 0.6(1) at 110 °C). By analogy
with the formaldehyde and thioformaldehyde deriva-
tives Cp*:Ta(n?-OCHz)H and Cp*:Ta(n%-SCHz)H re-
ported by Bercaw,3~5 the inverse kinetic isotope effect
is indicative of a stepwise sequence involving a preequi-
librium with [Cp*;TaSeCHjs], followed by rate-determin-
ing o-methyl elimination (Scheme 2).28

The molecular structures of the terminal selenido
complexes Cp*;Ta(Se)H (d(Ta=Se) = 2.329(2) A) and
Cp*;Ta(Se)(CH;SiMe;s) (d(Ta=Se) = 2.372(1) A) have
been determined by X-ray diffraction,?® and the Ta=Se
bond lengths are similar to the value in [#4-N(CH;CHo,-
NSiMes)s]TaSe (2.330(1) A).27:28 The organotantalum

(23) Cp*3Ta(n2-SeCHPr™)H is also converted to the selenido complex
Cp*;Ta(Se)Bur at ca. 120 °C.

(24) It should also be noted that the isomerization of Cp*;Ta(#n?2-
SeCH,)H to Cp*;Ta(Se)CH; is not catalyzed by MeMgl.

(25) Attempts to trap [Cp*;TaSeCHj3l with, for example, CO or PMe;
were unsuccessful.

(26) Cp*;Ta(Se)H is monoclinic, P2;/n (No. 14), with a = 8.388(2)
A, b =14.030(4) A, ¢ = 17.407(5) A, B = 103.04(2)°, V = 1996(1) A3,
and Z = 4. Cp*;Ta(Se)CH,SiMe; is triclinic, PI (No. 2), with a = 8,972-
(2)A, b=9.5272) A, c = 15.488(3) A, o = 83.55(2)°, 8 = 80.30(2)°, y
= 78.61(2)°, V = 1275(1) A%, and Z = 2.

(27) Christou, V.; Arnold, J. Angew. Chem., Int. Ed. Engl. 1993, 32,
1450—-1452.

(28) For further comparison, the average Ta=Se bond lengths in
[Cp*Ta(Se);LisCI(THF);] and [Cp*Ta(Se)sLis(tmeda)y) are 2.40(1) and
2.41(4) A, respectively.6
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selenium complexes have also been studied by 7"Se
NMR spectroscopy.” Thus, the terminal selenido com-
plexes are characterized by relatively low field 7"Se
NMR chemical shifts in the range 6 1990—2363 ppm,2°
while the singly bonded Se complexes are identified by
high-field chemical shifts in the range 6 +54 to —595
ppm.

In summary, a series of selenium complexes of per-
methyltantalocene, Cp*sTa(n?-Se2)H, Cp*;Ta(Se)SeH,
Cp*:Ta(Se)R (R = H, Me, Bu?, CH2SiMes, 1), and Cp*s-
Ta(n2-SeCHR)H (R = H, Pr®), have been prepared.
These complexes provide some interesting contrasts to
their tellurium analogues. For example, the diselenido—
hydride complex Cp*;Ta(n%-Sez)H is unstable with
respect to the selenido—hydroselenide complex Cp*.Ta-
(Se)SeH, whereas the ditellurido—hydride complex Cp*q-
Ta(n2-Tez)H is stable under comparable conditions.
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(29) For comparison, the ""Se NMR signal for [74-N(CH2CH,-
NSiMes)3]TaSe is observed at 1518 ppm.27
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Summary: The homoleptic tetramethylaluminates Ln-
(AlMeys are formed by reaction of excess AlMejs in hexane
with Ln(NMey) i LiCl)s obtained from LnCls and LiNMes.
Ndf(u-Me);AlMez]s was characterized by X-ray diffrac-
tion, but it was also found that this complex as well as
its yttrium analog will cocrystallize with AloMeg to form
the isostructural alkylaluminum inclusion systems {Ln{(u-
Me)sAlMes]s}olAloMeg].

Alkylaluminum reagents are of tremendous impor-
tance to Ziegler/Natta and Kaminsky olefin polymeri-
zation catalysis! as well as in organic synthesis.?
Bimetallic mixed-metal systems are commonly used
although much remains to be learned about their
mechanism of action and even their precise composi-
tions. For example, it is still not understood why such
a large excess of the commonly used catalytic activator
methylaluminoxane (MAO) is needed in mixed-metal
systems or how many effective equivalents of trimethy-
laluminum are in MAO.

We describe here a new class of mixed-metal tetra-
methylaluminates, namely the yttrium and the lan-
thanide metal complexes Ln(AlMey4)s,® and report that
these organometallic species have the capacity to form
2:1 cocrystallization products with molecular AlsMeg
when excess AlyMeg is present. The formation of the
trimethylaluminum inclusion products demonstrates
that substantial amounts of unreacted trimethylalumi-
num can be retained in very pure crystalline mixed-
metal organometallic compounds.

The tris(tetramethylaluminate) complexes are formed
by reaction of excess trimethylaluminum with the
insoluble product Ln(NMey)s(LiCl);* generated by reac-
tion of LiNMe; with the yttrium or lanthanide trihalide,
eq 1.5 This synthesis is analogous to that used to make

Lin(NMe,);(LiCD); + excess AlMe; —

Ln[(4-Me),AlMe,]; (1)
Ln =Nd (1a), Y (1b)

® Abstract published in Advance ACS Abstracts, February 15, 1995.

(1) Sinn, H.; Kaminsky, W. Adv. Organomet. Chem. 1980, 18, 99.
Kaminsky, W.; Miri, M.; Sinn, H.; Woldt, R. Makromol. Chem., Rapid
Commun. 1983, 4, 417. Kaminsky, W.; Kiilper, K.; Brintzinger, H.
H.; Wild, F. R. W. P. Angew. Chem., Int. Ed. Engl. 1985, 24, 507.
Ewen, J. A. J. Am. Chem. Soc. 1984, 106, 6355—6364.

(2) Haushe, J. R. In Comprehensive Organic Synthesis; Trost, B. M.,
Fleming, I., Eds.; Pergamon: Oxford, U.K., 1991; Chapter 1.3.

(8) Note that mixed-ligand lanthanide tetramethylaluminates (CsRs)o-
Lin(u-MegAlMes) have been reported earlier. (a) Ln =Y, Yb; R = H:
Holton, J.; Lappert, M. F_; Ballard, D. G. H.; Pearce, R.; Atwood, J. L.;
Hunter, W. E. J. Chem. Soc., Dalton Trans. 1979, 45—-53. (b)Ln =Y;
R = H: Scollary, G. R. Aust.J. Chem. 1978, 411—414. (¢)Ln=Y, Lu;
R = Me: Busch, M. A,; Harlow, R.; Watson, P. L. Inorg. Chim. Acta
1987, 140, 15. (d) Ln = Sm; R = Me: Evans, W. J.; Chamberlain, L.
R.; Ulibarri, T. A.; Ziller, J. W. J. Am. Chem. Soc. 1988, 110, 6423—
6432.

(4) Evans, W. J.; Anwander, R.; Doedens, R. J.; Ziller, J. W. Angew.
Chem. 1994, 33, 1641—1644.
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Figure 1. Molecular structure of Nd[AlMe,]; (1a, molecule
1) with numbering identical to that of Nd[AlMe4]5(Als-
Meg)os (2a) and Y[AlMes]s(AloMeg)os (2b). Thermal el-
lipsoids are drawn at the 50% probability level. Selected
distances (A) and angles (deg): 1a:molecule 1, Nd1-C1 =
2.578(13), Nd1-C2 = 2.563(14), Nd1-C5 = 2.605(13),
Nd1-C6 = 2.609(14), Nd1-C9 = 2.601(14), Nd1-C10 =
2.595(13); molecule 2, Nd2—C13 = 2.581(14), Nd2—-C14 =
2.596(13), Nd2—C17 = 2.566(14), Nd2—C18 = 2.595(14),
Nd2-C21 = 2.594(18), Nd2—-C22 = 2.588(13). 2a: Nd-
C1=2.602(6), Nd—C2 = 2.599(6), Nd—C5 = 2.572(6), Nd—
C6 = 2.588(5), Nd—C9 = 2.594(5), Nd—C10 = 2.600(8). 2b:
Y-C1 = 2.505(7), Y-C2 = 2.514(8), Y-C5 = 2.505(7),
Y-C6 = 2.505(8), Y—C9 = 2.510(6), Y—C(10) = 2.057(7).

the permethylated mixed-metal neodymium gallium
complex NdGasMe: s from GaMes.* It was uncertain if
the more reactive AlMe3z would follow the same reaction
pathway. Unlike the hexamethyllanthanide “ate” com-
plexes [Li(solvent)ls[LnMeg]® and the cyclopentadienyl
derivatives (CsHs)sLn[(u-Me)oAlMes],® the Ln[(u-Me)s-
AlMeg]s complexes are easily available for both early
and late lanthanide elements. In addition, these com-
pounds can be stored at room temperature over a long
period of time in the absence of any coordinating solvent
without decomposition. As such, the Ln[AlMe4]s com-
plexes represent conveniently obtained, easily handled
alternatives to reagents such as M[AlMe,] and M[AI-
Meylp. 12

The Ln[(u-Me)sAlMe2]s complexes show only one 'H
NMR signal at room temperature (Nd, 10.56; Sm, —3.11;
Y, —0.27 ppm). However, separate resonances for the
two types of methyl groups could be resolved at lower
temperature for the smaller metals. For Y, the sharp
singlet broadens into the baseline at —40 °C and
reappears as 1:1 signals at —0.13, and —0.43 ppm below

© 1995 American Chemical Society
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Figure 2. View of Nd[AlMe,]5(AlsMes)o 5, 24, indicating the location of Al;Meg in channels formed by Nd[AlMe,]; molecules.

—60 °C. At —80 °C, 89Y coupling (3.7 Hz) was observed
on the —0.13 resonance. For Sm, 1:1 signals at 2.16 and
—7.22 ppm are resolved at —80 °C, while for Nd only a
broadened signal is observed at —80 °C. These results
are consistent with increased steric unsaturation and
more rapid exchange at the larger metal center. Nd-
[(u-Me)oAlMe;]3, 1a, was definitively identified by X-ray
crystallography (Figure 1) and crystallizes from hexane
at room temperature in a dichroic green/purple form
with two independent molecules in the unit cell.® The
space group is different from that of Nd[(u-Me)o-
GaMe,]s.4

Crystallization of the Ln[(u-Me);AlMesls products
from the original hexane extract of the reaction mixture
in the presence of excess trimethylaluminum at ~35 °C
forms the 2:1 inclusion complexes {Nd[(u-Me)s-

(5) The procedure for the preparations of 1a, 1b, 2a, and 2b was
essentially the same and is illustrated in the case of the neodymium
complex 2a. In the glovebox, addition of excess AlMe; (1.75 mL, 18.35
mmol) to a pink hexane suspension of Nd(NMegz)s(LiCl)3% (0.62 g, 1.53
mmol) causes soluble products to be extracted into the hexane phase
and a white precipitate to form. After being stirred for 24 h, the
mixture was centrifuged to remove the precipitate, and the solution
was stirred for an additional 24 h. Analytical and spectroscopic data
were collected on crystals grown from concentrated hexane solutions
at —35 °C. Data for 2a (0.64 g, 88%) are as follows. Anal. Caled for
CisHysALNG (477.7): C, 37.72; H, 9.49. Found: C, 37.92; H, 9.44. 'H
NMR (500 MHz, C;Dg): 30 °C, 6 —0.31 (s, Al;Meg), 10.56 (s, Avye = 40
Hz). IR (Nujol): 1249 m, 721 vs, 683 vs, 571 vs, 552 vs, 466 s, 367 m,
316 s, 223 m cm~!. Data for 2b (0.60 g, 83%) are as follows. Anal.
Calcd for C1sHysA1,Y (422.3): C, 42.66; H, 10.74. Found: C, 42.84; H,
10.04. 'H NMR (800 MHz, CeDg, 20 °C): 6 —0.26 (s), —0.37 (s, Aly-
Meg). IR (Nujol): 1248 m, 1216 s, 1195 s, 722 vs, 696 vs, 571 vs, 553
vs, 466 m, 453 m, 367 w, 313 5, 245 m cm~!. The Sm analog of 2a was
also obtained (Anal. Caled for C1sHysA1,5m (483.8): C, 37.24; H, 9.37.
Found: C, 87.20; H, 9.06. 'H NMR (500 MHz, C;Dg): 30 °C, 6 —0.34
(s, AlsMeg), —3.11 (s, Avy = 30 Hz). IR (Nujol): 1250 m, 1197 vs, 727
vs, 698 vs, 569 vs, 556 vs, 465 s, 368 w, 313 5, 223 m cm™1).

(6) (a) Schumann, H.; Pickardt, J.; Bruncks, N. Angew. Chem. 1981,
93, 127-128; Angew. Chem., Int. Ed. Engl. 1981, 20, 120—121. (b)
Schumann, H.; Miiller, J.; Bruncks, N.; Lauke, H.; Pickardt, J.
Organometallics 1984, 3, 69—74. (c) Schumann, H.; Lauke, H.; Hahn,
E.; Pickardt, J. J. Organomet. Chem. 1984, 263, 29—35.

(7) Mole, T.; Jeffery, E. A. Organoaluminum Compounds; Elsevier:
Amsterdam, 1972.

(8) Crystal data, Siemens R3m/V diffractometer, are as follows. la
(=110 °C):. monoclinic, P2y/c, a = 7.437(2) A, b = 17.855(3) A, ¢ =
32.423(5) A, 8 = 92.109(14)°, V = 4302.5(14) A%, and Deaea = 1.252 g
em™3 for Z = 8; 4839 reflections ((F,| > 3.00(|F,)); R = 0.064, R,, =
0.084.

AlMeg]s}s[AloMeg), 2a, and {YI(u-Me)AlMes]s}lAloMeg],
2b, which are isostructural.® As shown in Figure 2, the
AlsMeg (mp 15 °C) has been trapped in the crystalline
lattice and is located in channels which are formed by
four LnAlsMe;2 molecules. Both the AlsMeg and Lin[(u-
Me);AlMe;]; molecules are arranged in a stacked fash-
ion.

The structures of the Ln[(4-Me);AlMes]; units in 1a,
2a, and 2b are very similar. In each case, three
bidentate AlMe,~ ligands form a pseudooctahedral
geometry around the metal. The average Nd—C(u-Me)
distances of 2.589(14) A in 1a and 2.590(6) A in 2a are
very similar to the Nd—C distance in Nd[(u-Me).GaMesls
(2.599(11) A). The 2.508(7) A average Y—C(u-Me)
distance in 2b is consistent with these considering the
smaller ionic size of yttrium.!° In comparison, the Ln—
C(u-Me) distances in the eight coordinate complexes
CpaY(u-MegAlMeg) and CpeYb(u-MesAlMes)®2 are 2.58(3)
and 2.58(1) A, respectively.

The AlsMeg molecules in 2a,b were not sufficiently
ordered to provide metrical parameters of high preci-
sion. The terminal Al—C distances of 1.936(10) and
1.948(12) A in 2a and 1.925(12) and 1.934(10) A in 2b
are in agreement with those found in pure AlsMeg
(1.956(2), 1.949(2) A).1! The bridging Al—C bond lengths
of 2.262(11) and 2.236(11) A for 2a are elongated
compared to 2b (2.122(11), 2.163(11) A) and pure Al,-
Mes (2.125(2), 2.123(2) A), probably due to disordering.

The inclusion and stabilization of reactive species in

(9) Crystal data, Siemens R3m/V diffractometer, are as follows. 2a
(=110 °C); monoclinic, P2)/n, @ = 7.516(1) A, b = 19.953(4) A, ¢ =
17.965(3) A, = 97.22(1)°, V = 2672.9(9) A3, and Deaieg = 1.187 g cm™3
for Z = 4; 3983 reflections (F = 3¢(F)), R = 0.039, R,, = 0.046. 2b
(=110 °C); monoclinic, P2i/n, @ = 7.452(2) A, b = 19.896(4) A, ¢ =
17.770(3) A, f = 96.61(2)°, V = 2617.1(10) A3, and Dgieq = 1.072 g cm 3
for Z = 4; 2675 reflections (F = 3.00(F)), R = 0.062, R,, = 0.067.

(10) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.

(11) (a) Lewis, P. H.; Rundle, R. E. J. Chem. Phys. 1953, 21, 986.
(b) Vranka, R. G.; Amma, E. L. J. Am. Chem. Soc. 1967, 89, 3121-
3126. (¢) Byram, S. K.; Fawcett, J. K,; Nyburg, S. C.; O’'Brien, R. J.
Chem. Commun. 1970, 16—17. (d) Huffman, J. C.; Streib, W. E. Chem.
Commun. 1971, 911-912.
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host molecules has been broadly studied.'? Many
examples of organic host guest combinations are known,
and recently the use of inorganic metalloporphyrin
“sponges” as crystalline hosts for small organic guests
has been detailed.!®* The cocrystallization of two dif-
ferent reactive neutral organometallic compounds as in
crystalline 2a,b is not common, however.l4 The facile
stoichiometric incorporation of trimethylaluminum into
these mixed-metal organometallic aluminum complexes
may explain why reactivity consistent with the presence
of trimethylaluminum is unexpectedly found in orga-

(12) For leading references, see: Helgeson, R. C.; Selle, B. J;
Goldberg, I1.; Knobler, C. B.; Cram, D. J. J. Am. Chem. Soc. 1998, 115,
11506—11511. Yang, X.; Knobler, C. B.; Zheng, Z.; Hawthorne, M. F.
J. Am. Chem. Soc. 1994, 116, 7142—7159.

(13) Byrn, M. P.; Curtis, C. J.; Hsiou, Y.; Khan, S. I.; Sawin, P. A;
Tendick, S. K.; Terzis, A.; Strouse, C. E. J. Am. Chem. Soc. 1998, 115,
9480—9497 and references therein.

(14) The X-ray crystal structure of the inorganic system [Wo-
(NMe2)glol W(NMej)s] has been reported: Chisholm, M. H.; Cotton, F.
A.; Extine, M.; Stults, B. R. J. Am. Chem. Soc. 1976, 98, 4477—4485.
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nometallic systems thought to be free of trimethylalu-
minum. Moreover, since the Ln[AlMe,]; complexes form
high-quality single crystals both with and without Al,-
Meg, single crystal formation is not a sufficient criterion
to exclude the presence of AloMes.
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Preparation and X-ray Crystal and Molecular Structure
of cis-[(dppp)Pd(H20)(0OSO2:CF3)]1(0S0:CF3)~ and
cis-[(dppp)Pd(H20):12"(0OS02CF3) 2. Coordinated

Water—Triflate Hydrogen Bonds'
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Reaction of 1 and 2 equiv of water, respectively, with cis-(1,3-bis(diphenylphosphino)-
propane)palladium(II) triflate yields the corresponding monoaquo and diaquo cationic Pd
complexes 2 and 8 in 86% and 99% yield respectively, as yellow, air-stable, microcrystalline
solids. The molecular structures of [(dppp)Pd(OHz)XOSO,CF3).], (2) and [(dppp)Pd(OHjz)x(OSO,-
CF3).], (3) have been determined by single-crystal X-ray crystallography. Complex 2
crystallizes in the monoclinic space group P2)/n with Z = 4, a = 13.857(5) A, b = 13.335(5)
A, ¢ =19.054(8) A, g = 102.98(2)°, R = 0.0461, and R, = 0.0614 at 298 K. Complex 3
crystallizes in the triclinic space group P1 with Z = 2, @ = 11.440(1) A, b = 11.800(1) A, ¢

=14.269(1) A, a. = 95.66(1)°, = 94.49(1)°,
298 K.

There is considerable current interest in transition-
metal solvent complexes in general and water complexes
in particular.l2 Although several monoaquo cationic
transition-metal complexes are known,? there is much
less information on diaquo complexes and the molecular
structure of aquo complexes in general. Moreover,
whereas a number of platinum aquo complexes are
known, there have been very few palladium aquo
complexes reported. Therefore, in this paper we wish
to report the ready, high-yield preparation and the X-ray
crystal molecular structures of both the monoaquo and
diaquo palladium(II) cationic complexes 2 and 3.

Results and Discussion

Reaction of exactly 1 equiv of water with anhydrous
[(dppp)Pd(OSO2CF3)2] (1)3 in CHyCl: at room temper-
ature under an argon atmosphere results in an 86%
vield of the monoaquo complex 2 (eq 1). Likewise,

';"2/on
<: b+ B CH,CI,

P Ar, 1h,r.t.

Bn, OTF r, b r

1

T+

Ph,
P, /OTf )
P4 0S0,CF, (1)
P
Py, OH:
2

* Dedicated to Professor William M. Jones on the occasion of his
65th birthday.
@ Abstract published in Advance ACS Abstracts, February 15, 1995.

= 109.15(1)°, R = 0.0301, and R, = 0.0467 at

interaction of 1 with 2 equiv or more of water yields
the diaquo complex 3 in 99% isolated yield (eq 2).
Complexes 2 and 3 are respectively light yellow and
yellow, air-stable, microcrystalline solids.

1 + ex. H,0 M»
Ar, 1h, r.t.
M+
Ph
RO
<: Pd 2 OSO,CF;  (2)
ghz OH,
3

Single-Crystal Molecular Structure Determina-
tion. Suitable single crystals for X-ray structure de-
termination of 2 and 3, were obtained by careful
layering of diethyl ether over a CH2Cl; solution of 2
and 38, respectively, at room temperature. Both com-
pounds crystallize as hexagonal platelets. Crystal-
lographic data are summarized in Table 1, and the final
atomic coordinates of the heavy atoms are given in
Tables 2 and 3. Relevant bond distances and bond
angles are reported in Table 4. ORTEP diagrams are
displayed in Figures 1 and 2, respectively.

(1) Beck, W.; Siinkel, K. Chem. Rev. 1988, 88, 1405 and references
therein.

(2) For key recent references see: (a) Kubas, G. J.; Burns, C. J;
Khalsa, G. R. K; Van Der Sluys, L. S.; Kiss, G.; Hoff, C. D.
Organometallics 1992, 11, 3390. (b) Leoni, P.; Sommovigo, M.; Pasquali,
M.; Midollini, S.; Braga, D.; Sabatino, P. Organometallics 1991, 10,
1038. (c) Rauscher, D. J.; Thaler, E. G.; Huffman, J. C.; Caulton, K.
G. Organometallics 1991, 10, 2209. (d) Branan, D. M.; Huffman, N.
W.; McElroy, E. A,; Prokopuk, N.; Salazar, A. B.; Robbins, M. J.; Hill,
W.E.; Webb, T. R, Inorg. Chem. 19981, 30, 1200. (e) Bergmeister, J. J.,
I1T; Hanson, B. E.; Merola, J. S. Inorg. Chem. 1990, 29, 4831. (f) Steed,
J. W,; Tocher, D. A. J. Chem. Soc., Chem. Commun. 1991, 1609,

0276-7333/95/2314-1110$09.00/0 © 1995 American Chemical Society
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Table 1. Crystal and Data Collection Parameters for
Compounds 2 and 3

Organometallics, Vol. 14, No. 3, 1995 1111

Table 2. Positional Parameters and Estimated Standard
Deviations for Compound 2

2 3 atom x y z
molecular formula PdS;P,Fs07Ca9Hzg PdS,P,Fs0sCa9H3g Pd 0.21098(2) 0.16094(3) 0.47998(2)
fw 835.009 853.024 S1 0.3985(1) 0.1034(1) 0.61921(7)
space group P2i/n P1 S2 0.1414(1) —0.2548(1) 0.48825(7)
space group no. 14 2 Pl 0.19812(8) 0.32802(9) 0.48256(6)
cryst syst monoclinic triclinic P2 0.12216(8) 0.15671(9) 0.36697(6)
cell constants F1 0.4719(3) 0.1155(3) 0.5051(2)
a (A) 13.857(5) 11.440(1) F2 0.5124(3) 0.2364(3) 0.5796(3)
b (A) 13.335(5) 11.800(1) F3 0.5802(3) 0.0934(3) 0.6037(3)
c (A) 19.054(8) 14.269(1) F4 0.3092(3) —0.3188(5) 0.5632(4)
a (deg) 95.66(1) F5 0.2537(5) —0.1942(4) 0.6078(3)
B (deg) 102.98(2) 94.49(1) F6 0.1927(4) —0.3369(4) 0.6139(3)
y (deg) 109.15(1) 01 0.2331(3) 0.0046(3) 0.4843(2)
\% (A3) 3431.08 1798.15 02 0.3142(3) 0.1655(3) 0.5833(2)
Z 4 2 03 0.4377(4) 0.1298(4) 0.6917(2)
Deatc (g cm™3) 1.618 1.575 04 0.3855(3) —0.0010(3) 0.6041(2)
cryst dimens (mm) 0.33 x 0.30 x 0.27 0.29 x 0.32 x 0.37 05 0.1231(3) —0.3515(3) 0.4565(3)
abs coeff (cm™1) 8.158 7.809 06 0.0573(3) —0.2150(4) 0.5111(2)
radiation Mo (0.71073 A) Mo (0.710 73 A) o7 0.1862(3) -0.1844(4) 0.4490(2)
no. of unique rflns 5337 6310 C1 0.0853(3) 0.3862(4) 0.4326(3)
20 range (deg) 2.00—50.00 2.00—50.00 C2 0.0624(4) 0.3601(4) 0.3525(3)
scan technique 6126 6/26 C3 0.0280(3) 0.2521(3) 0.3375(2)
scan speed (deg min~!)  variable 4.5 c4 0.2981(3) 0.3837(3) 0.4496(2)
scan width (deg) 0.8000 4+ 0.3400 (tan ) K ~12to K +1.2 C5 0.3060(4) 0.4861(5) 0.4440(4)
no of rflns between stds 1 X-ray h 98 C6 0.3838(5) 0.5252(5) 0.4170(4)
abs cor empirical empirical Cc7 0.4516(4) 0.4687(5) 0.3981(3)
min transmissn (%) 84.8748 90.03 C8 0.4457(4) 0.3667(5) 0.4034(3)
max transmissn (%) 99.9052 99.99 c9 0.3689(4) 0.3237(4) 0.4278(3)
highest peak, final diff  1.151 (about 1.050 A 0.698 Cl10 0.2095(3) 0.3691(4) 0.5741(2)
Fourier (e A‘3) from Pd) Cl1 0.3029(4) 0.3895(4) 0.6185(3)
weighting scheme non-Poisson contribn non-Poisson contribn C12 0.3101(4) 0.4196(5) 0.6877(3)
ignorance factor, P 0.04 0.05 Cl13 0.2298(5) 0.4302(5) 0.7166(3)
data rejected if / <3.000(I) <3.00a() Cl4 0.1391(4) 0.4076(5) 0.6752(3)
data rejected if (sin 8)/A <0.0500 <0.0500 C15 0.1277(4) 0.3776(4) 0.6040(3)
no, of observs 4198 5566 Cl6 0.0536(3) 0.0401(3) 0.3513(2)
no. of variables 509 554 C17 0.0661(4) —0.0268(4) 0.2991(3)
data to param ratio 8.248 10.047 C18 0.0065(5) —0.1112(4) 0.2860(3)
shift to error ratio 0.018 0.016 C19 —-0.0652(5) —0.1273(4) 0.3236(3)
error in an observn of 2.2949 1.3400 C20 -0.0775(4) —0.0619(4) 0.3757(3)
unit wt (GOF) C21 —0.0178(4) 0.0215(4) 0.3906(3)
R (Rw) 0.0461 (0.0614) 0.0301 (0.0467) Cc22 0.2077(3) 0.1591(4) 0.3075(2)
C23 0.1919(4) 0.2193(4) 0.2462(3)
Perusal of the data in Table 4 reveals a number of C24 0.2589(4) 0.2175(5) 0.2031(3)
unusual and interesting aspects about the molecular €25 0.3399(4) 0.1576(5) 0.2187(3)
C26 0.3564(4) 0.0982(5) 0.2779(3)
structures of complexes 2 and 3. In both complexes the a7 0.2911(4) 0.0989(5) 0.3228(3)
PA(IT) atom has a distorted-square-planar coordina- C28 0.4960(4) 0.1390(5) 0.5743(4)
tion: the two cis sites are occupied by the dppp ligand, C29 0.2277(5) —0.2760(5) 0.5703(5)

while the remaining two sites are taken up by the
coordinated water and a covalently bound triflate in 2
and two coordinated water molecules in 8.

The bond angles around the palladium atom are close
to the expected values of 90°, ranging in values from
86.1 to 93.2° for 2 and 87.66 to 93.38° for 3. The
P—Pd-P chelation angle is just over 90° in both 2 and
3, whereas the O;—Pd—0; angles are 86.1 and 87.66°
for 2 and 3, respectively. The palladium—phosphorus
bond distances of 2.226—2.237 A are in the normal
range for cis-chelated phosphorus. The Pd—OH; dis-
tance in 2 is 2.159 A, whereas in 8 these distances are
2.127 and 2.135 A. These values compare favorably
with the corresponding bond angles and bond distances
in the related Pd—OHj complex trans-[(CysP)ePd(H)-
(OHp)]I*BF4~ (4), recently reported by Leoni and co-
workers.2b

Particularly noteworthy are the hydrogen-bonding
patterns in complexes 2 and 3. In the monoaquo
complex 2, the hydrogens of the complexed water
molecule are hydrogen-bonded intramolecularly to the
coordinated triflate and intermolecularly to the anionic
triflate counterion with an O—H- - -O distance of ap-
proximately 2.0 A. A comparable hydrogen-bonding

pattern was observed in the chelated Pt—OH; complex
[Pt(NH(CH3)C2HsNH(CH3))(H;0)(SO4)}H20 (5), re-
ported by Rochon and Melanson.5 In complex 3, how-

%0

P N-H
H3C-N—Pd—O0. Lo

|

P ol o™
U \O H’O\H"O °

@ H\O‘—

H
4 5

ever, both coordinated water molecules are doubly
hydrogen-bonded to the two triflate counterions. In-
terestingly, the two water molecules are each hydrogen-
bonded to different triflates rather than the same one,
as seen in the ORTEP representation. Similarly, both
hydrogens in the aquo complex 4 are hydrogen-bonded
to the fluorines of the BF4~ anion.?? The role of
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Table 3. Positional Parameters and Estimated Standard
Deviations for Compound 3

Stang et al.

Table 4. Relevant Bond Distances (1) and Angles (deg) for
Compounds 2 and 3*

atom x y z

Pd 0.17963(1) 0.12857(1) 0.29772(1)
S1 —0.04504(6) —0.22004(7) 0.41900(5)
S2 0.29620(6) -0.12651(7) 0.13519(5)
P1 0.07386(5) 0.23363(5) 0.23057(4)
P2 0.34196(5) 0.29797(5) 0.34223(4)
F1 —0.0166(3) —0.4258(2) 0.4330(3)
F2 —0.1936(3) —0.4389(3) 0.3622(3)
F3 —0.0309(3) —0.3856(3) 0.2918(2)
F4 0.2059(3) —0.3318(2) 0.0261(2)
F5 0.3438(2) —0.3277(2) 0.1361(2)
F6 0.1648(3) -0.3390(2) 0.1707(2)
01 0.0388(2) —0.0347(2) 0.233%(1)
02 0.2649(2) 0.0199(2) 0.3691(1)
03 —0.1023(2) —0.2306(2) 0.5033(2)
04 —0.1055(2) —0.1800(2) 0.3439(2)
05 0.0880(2) -0.1652(3) 0.4332(2)
06 0.1820(2) —0.1067(2) 0.1130(2)
07 0.3448(2) —0.0991(2) 0.2347(2)
08 0.3866(2) —0.0920(3) 0.0708(2)
Ci 0.0917(2) 0.3787(2) 0.2969(2)
C2 0.2224(2) 0.4681(2) 0.3200(2)
C3 0.3058(2) 0.4287(2) 0.3888(2)
C4 —0.0898(2) 0.1501(2) 0.2288(2)
C5 —0.1306(2) 0.1123(3) 0.3123(2)
Ccé -0.2557(3) 0.0527(4) 0.3155(3)
c7 —0.3381(3) 0.0284(3) 0.2356(3)
C8 —0.2980(3) 0.0648(4) 0.1538(3)
C9 —0.1739(3) 0.1249(3) 0.1472(2)
C10 0.1057(2) 0.2546(2) 0.1105(2)
C11 0.1023(3) 0.3554(3) 0.0707(2)
C12 0.1264(4) 0.3661(3) —-0.0213(2)
C13 0.1534(3) 0.2773(3) —0.0746(2)
Cl4 0.1563(3) 0.1769(3) —0.0363(2)
C15 0.1328(3) 0.1642(3) 0.0557(2)
C16 0.4478(2) 0.2746(2) 0.4338(2)
C17 0.5652(3) 0.2760(3) 0.4162(2)
C18 0.6421(3) 0.2528(3) 0.4872(3)
C19 0.6047(3) 0.2310(3) 0.5722(3)
C20 0.4887(4) 0.2301(3) 0.5904(2)
C21 0.4086(3) 0.2519(3) 0.5212(2)
Cc22 0.4281(2) 0.3391(2) 0.2433(2)
C23 0.4306(3) 0.2497(3) 0.1738(2)
C24 0.4973(4) 0.2791(5) 0.0984(3)
C25 0.5562(4) 0.3974(5) 0.0899(3)
C26 0.5562(4) 0.4874(4) 0.1566(3)
Cc27 0.4908(3) 0.4580(3) 0.2344(3)
C28 -0.0735(4) —0.3772(4) 0.3725(3)
C29 0.2512(4) —0.2893(3) 0.1166(3)

hydrogen bonding in the formation of aquo transition-
metal complexes has long been recognized’7 and is
important in stabilizing the solid-state structure of these
molecules.?~10 In both of our complexes 2 and 3 and
complex 5 the S—O bond distance of the coordinated
oxygen is significantly longer than the remaining non-
coordinated S—O bonds. Finally, reaction of the mono-
aquo complex 2 with additional water readily forms the
diaquo complex 3.

Experimental Section

General Methods. All reactions were conducted under a
dry nitrogen atmosphere using Schlenk techniques, unless

(8) Stang, P. J.; Cao, D. H. J. Am. Chem. Soc. 1994, 116, 4981,

(4) The H atoms were located by X-ray, and since they are based on
X-ray-derived H-atom positions with considerable uncertainties, all
H-atom structural parameters need to be interpreted with caution.

(5) Rochon, F. D.; Melanson, R. Inorg. Chem. 1987, 26, 989.

(6) Britten, J. F.; Lippert, B.; Lock, C. J.; Pilon, P. Inorg. Chem.
1982, 21, 1936.

(7) Hollis, L. S.; Lippard, S. J. Inorg. Chem. 1983, 22, 2605.

(8) Brown, I. D. Structure and Bonding in Crystals; Academic
Press: New York, 1981, Vol. II.

(9) Braga, D.; Grepioni, F. Acc. Chem. Res. 1994, 27, 51.

(10) Braga, D.; Grepioni, F.; Sabatino, P.; Desiraju, G. R. Organo-
metallics 1994, 13, 3532.

Compound 2
Pd—01 2.106(4) P2—-C3 1.819(5)
Pd—02 2.159(3) P2—Cl16 1.812(5)
Pd-P1 2.237(1) P2-C22 1.815(5)
Pd—-P2 2.228(1) S$1-02 1.469(4)
P1-C1 1.812(5) S1-03 1.411(5)
P1-C4 1.805(5) S1-04 1.425(5)
P1-C10 1.801(5) §2-05 1.424(4)
O1-H1 0.71(6) $2-06 1.435(5)
Ol1-H2 0.74(6) §2—07 1.426(5)
04- - -H2 2.04(6) S1-C28 1.817(8)
07---H1 2.00(7) §2—-C29 1.76(1)
P1-Pd—P2 90.98(4) P2—Pd—02 172.3(1)
O1-Pd-02 86.1(2) P1-Pd-01 175.5(1)
P1-Pd—-02 89.5(1) H1-01-H2 107(7)
P2-Pd-01 93.2(1) 01-H1-07 153(7)
O1-H2-04 157(7)
Compound 3
Pd—O1 2.127(2) P2-C3 1.804(3)
Pd—-02 2.135(2) P2—-C16 1.815(3)
Pd—P1 2.2264(T) P2-C22 1.799(3)
Pd—P2 2.2309(7) §$1-03 1.411(2)
P1-C1 1.814(3) S1-04 1.431(3)
P1-C4 1.804(3) S§1-05 1.434(3)
P1—-C10 1.803(3) $2-06 1.419(2)
O1-H1 0.72(4) $2-07 1.448(3)
O1-H2 0.76(4) §2-08 1.423(3)
02—H3 0.74(3) S1-C28 1.820(6)
02-H4 0.83(4) $2—-C29 1.804(5)
04-- -H2 1.93(5)
0Os- - -H3 2.00(3)
06- - -H1 2.03(4)
O7- - -H4 1.83(4)
P1-Pd-P2 90.33(2) P2—-Pd-01 170.37(9)
P1-Pd—01 89.42(6) P1-Pd—02 174.23(8)
P2—Pd—-02 93.38(6) H1-01-H2 114(5)
01-Pd-02 87.66(8) H3-02-H4 109(4)
O1-H1-06 163(4)
O1-H2-04 172(4)
02—H3-05 172(4)
02—-H4-07 173(4)

“Numbers in parentheses are estimated standard deviations in the least
significant digits.

otherwise noted. IR spectra were recorded on a Mattson
Polaris FT-IR spectrophotometer. NMR spectra were recorded
on a Varian XL-300 spectrometer. H NMR spectra were
recorded at 300 MHz, and all chemical shifts (§) are reported
in ppm relative to the proton resonance resulting from
incomplete deuteration of the NMR solvent CD,Cl; (5.32 ppm).
13C NMR spectra were recorded at 75 MHz, and all chemical
shifts (6) are reported in ppm relative to the carbon resonance
of the deuterated NMR solvent CDCl; (53.8 ppm). 3P NMR
spectra were recorded at 121 MHz, and all chemical shifts ()
are reported in ppm relative to external 85% HsPO, at 0.00
ppm. °F NMR spectra were recorded at 282 MHz, and all
chemical shifts are reported upfield relative to external CFCls
at 0.00 ppm. Microanalyses were performed by Atlantic
Microlab Inc., Norcross, GA. Melting points were obtained
with a Mel-Temp capillary melting point apparatus and were
not corrected.

Preparation of [(dppp)Pd(OH,)(0OSO:CF3)]1*(0SO:CFs)-
(2). A 25 mL Schlenk flagk flame-dried under argon and
equipped with a stirbar and rubber septum was charged with
(dppp)Pd(OTH); (0.100 g, 0.122 mmol) and 15 mL of CH;Cl,.
To the homogeneous yellow mixture was added via syringe
deionized water (2.0 mL, 0.11 mmol). The reaction mixture
was stirred for 1 h at ambient temperature, followed by
reduction of the solvent to 4 mL under vacuum. Via syringe
20 mL of dry n-pentane was added immediately, yielding a
yellow precipitate. The solvent was decanted via syringe, and
the residue was dried under vacuum to afford 2, as a light
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Figure 2. ORTEP plot of [(dppp)Pd(OH;)2(0S0:CF3)s] (3).

yellow microcrystalline solid: yield 87.4 mg (86%); mp 206—
209 °C dec; IR (KBr, cm™1) 3222 (m, OH), 2918 (w), 1229 (m),
1168 (m), 1098 (w), 1020 (m); *H NMR (CDsClp) 7.3-7.7 (m,
20H, CeHs), 5.1 (s, 2H, H;0), 2.7-2.9 (m, 4H, CHy), 2.1-2.4
(m, 2H, CHy); 3P NMR (CD:Clp) 20.4 (8); 19F NMR (CD:Clz)
—76. Anal. Caled for ngHzePszSzOst’HzO: C, 41.71; H,
3.38; S 7.68. Found: C, 41.61; H, 3.49; S, 7.48.

X-ray-quality crystals were grown by careful layering with
a CH,Cly/diethyl ether mixture at ambient temperature.

Preparation of {(dppp)PA(OH,):1"(0SQ:CF3) 3, (3). A
25 mL Schlenk flask flame-dried under argon and equipped
with a stirbar and rubber septum was charged with (dppp)-
Pd(OTY); (137 mg, 0.168 mmol) and 20 mL of CHCl.. To the
homogeneous yellow mixture was added via syringe an excess
of deionized water (10 mL, 0.55 mmol). The reaction mixture
was stirred for 1 h at ambient temperature, followed by
reduction of the solvent to 4 mL urider vacuum. Via syringe
20 mL of dry n-pentane was added immediately, yielding a
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yellow precipitate. The solvent was decanted via syringe, and
the residue was dried under vacuum to afford 3, as a light
yellow microcrystelline solid: yield 137 mg (99%); mp 232—
238 °C dec; IR (KBr, cm™!) 3285 (s, OH), 2917 (m), 1252 (m),
1167 (s), 1099 (m), 1031 (m); *H NMR (CD,Cly) 7.3—7.7 (m,
20H, C¢Hs), 4.1 (s, 4H, H0), 2.7-2.9 (m, 4H, CHy), 2.2-2.5
(m, 2H, CHy); 3'P NMR (CD:Cly) 20.4 (s); °F NMR (CD;Cly)
-76. Anal. Caled for ngstPszSzOer‘ZHzO: C, 40.83; H,
3.54; S, 7.52. Found: C, 40.57; H, 3.56; S, 7.55.

X-ray-quality crystals were grown by careful layering with
a CHyCly/diethyl ether mixture at ambient temperature.

X-ray Crystallographic Analysis of 2. A light yellow
crystal, 0.33 mm x 0.30 mm x 0.27 mm, was glued onto a
glass fiber and mounted for data collection on a CAD4
diffractometer. The unit cell parameters were obtained by a
least-squares refinement of 25 centered reflections in the range
20 < 26 < 30°. The space group was determined from
systematic absences (R0l, h + 1 = 2n + 1, 0k0, &k = 2n+1) and
subsequent least-squares refinement. The data were collected
by the 6—26 scan technique, with variable scanning rate, using
monochromatic Mo radiation. A total of 5337 unique reflec-
tions were measured in the range of 2.0 < 26 < 50°, of which
4198 were considered observed; ie., I > 3¢(I). Standard
reflections showed no decay during data collection. Lorentz
and polarization corrections, and an empirical absorption
correction based upon a series of y scans, were applied to the
data. Intensities of equivalent reflections were averaged.

The structure was solved by the standard heavy-atom
techniques with the Molen/VAX package. Non-hydrogen
atoms were refined with anisotropic thermal parameters. All
hydrogen atoms were located and refined with fixed isotropic
thermal parameter. Scattering factors, and Af’ and Af”
values, were taken from the literature.

Stang et al.

X-ray Crystallographic Analysis of 3, A yellow crystal,
0.29 mm x 0.32 mm x 0.37 mm, was glued onto a glass fiber
and mounted for data collection on a Syntex P1 diffractometer.
The unit cell parameters were obtained by a least-squares
refinement of 30 centered reflections in the range 10 < 26 <
20°. The space group was determined from subsequent least-
squares refinement. The data were collected by the 6—26 scan
technique, with fixed rate, using monochromatic Mo radiation.
A total of 6310 unique reflections were measured in the range
of 2.0 < 26 < 50°, of which 5566 were considered observed;
ie., I > 30(I). Standard reflections showed no decay during
data collection. Lorentz and polarization corrections, and an
empirical absorption correction based upon a series of ¥ scans,
were applied to the data. Intensities of equivalent reflections
were averaged.

The structure was solved by the standard heavy-atom
techniques with the Molen/VAX package. Non-hydrogen
atoms were refined with anisotropic thermal parameters. All
hydrogen atoms were located and refined isotropically. Scat-
tering factors, and Af’ and Af” values, were taken from the
literature.
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The reduction pathways were investigated for a series of [Re(CO);(a-diimine)L’]1%* (L’ =
Cl-, Br, I, Otf-, THF, MeCN, n-PrCN, PPh;, P(OMe)s; a-diimine = bpy, i-Pr-PyCa, dapa,
dpp, abpy) complexes. The individual one-electron reduction steps were studied mainly in
THF, by a combination of cyclic voltammetry and in situ FTIR and UV/vis spectroscopy.
The stability of the reduced [Re(CO)s(a-diimine)L’]~" complexes depends on the ability of
the a-diimine radical ligand to accommodate the unpaired electron in its lowest empty =*
orbital, which increases in the order bpy < i-Pr-PyCa < dapa < dpp < abpy. The higher
the energy of this m* orbital, the more pronounced is the donor character of the a-diimine
radical. Concomitant polarization of the radical complex and increased electron density
within the Re—(a-diimine) chelate ring labilize the Re—L’ bond and may cause dissociation
of L’ and dimerization of the Re radicals, or substitution of L’ by a better = acceptor. The
kinetic stability of the Re—L’ bond increases in the order halide <« THF < PPh;s, n-PrCN <
P(OMe)s. The labilizing effect of the strong donating power of the reduced a-diimine ligand
on the Re~L’ bond becomes much more apparent upon the second one-electron reduction
step. For a-diimine = bpy, i-Pr-PyCa, dpp, the products of the first one-electron reduction
were converted in this step into the five-coordinated anionic [Re(CO)s(a-diimine)]~ complexes,
in which the n-electron density is largely delocalized over the Re—(a-diimine) chelate bond,
as indicated by their low »(CO) frequencies and average C=0 force constants. For a-diimine
= dapa, the anionic [Re(CO)3(IV,N,(N)-dapa)]~ species was produced, in which the third imine
nitrogen atom interacts only weakly with the Re center. Importantly, for L’ = P(OMe)3, the
strongest 7 acceptor employed, the stable six-coordinated [Re(CO)s(N,N-dapa)(P(OMe)s)]™
anion was formed. The only stable six-coordinated [Re(CO)s(a-diimine)L’]~ anions with L’
= THF or PPh; in the axial position were obtained for a-diimine = abpy. The abpy ligand
is a strong 7 acceptor due to its very low-lying 7* LUMO of the azo bond character. In this
case, even a third one-electron reduction step was observed, which is probably more localized
on the aromatic rings of abpy and converted the abpy ligand into a strong donor. As a result,
the interaction of the ligand L’ = THF, PPhs with the Re center in the dianionic product
{[Re(CO)s(abpy)]?~ - L’} is very weak.
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Introduction

Complexes of the type [Re(CO)s(0-diimine)L’]%*, in
which L’ is a halide, bridging ligand, organic donor/
acceptor, nitrogen donor or some other monodentate
ligand, have been the subject of a large number of
studies. In large part, this permanently growing inter-
est stems from the ability of these complexes and their
reduced forms to act as efficient sensitizers for energy
and electron transfer processes,! and as catalysts in the
selective reduction of COy.2 Thus, the complexes were
successfully applied in the photochemical2acehim and
electrochemical?b-dhiklmn eonversion of COg into CO. In
order to elucidate the role of these complexes as elec-
trocatalysts in C; chemistry, most fundamental studies
have mainly been confined to cyclic voltammetry2d4k 3b—d

@ Abstract published in Advance ACS Abstracts, February 1, 1995.

(1) See for example: (a) Luong, J. C.; Nadjo, L.; Wrighton, M. S J.
Am. Chem. Soc. 1978, 100, 5790. (b) Stufkens, D. J. Comments Inorg.
Chem. 1992, 13, 359 and references therein. (¢) Yoon, D. I.; Berg-
Brennan, C. A.; Lu, H.; Hupp, J. T. Inorg. Chem. 1992, 31, 3192,

0276-7333/95/2314-1115$09.00/0

and ESR spectroscopy.3»°4 It has been established that
the one-electron reduction of [Re(CO)z(a-diimine)L’] (I

(2) (a) Hawecker, J.; Lehn. J. M.; Ziessel, R. J. Chem. Soc., Chem.
Commun. 1988, 536. (b) Hawecker, J.; Lehn. J. M.; Ziessel, R. J. Chem.
Soc., Chem. Commun. 1984, 328. (c) Sullivan, B. P.; Meyer, T. J. J.
Chem. Soc., Chem. Commun. 1984, 1244, (d) Sullivan, B. P.; Bolinger,
C. M.; Conrad, D.; Vining, W. J.; Meyer, T. J. J. Chem. Soc., Chem.
Commun. 1985, 1414. (e) Kutal, C.; Weber, M. A ; Ferraudi, G.; Geiger,
D. Organometallics 1985, 4, 2161. (f) Breikss, A. J.; Abruiia, H. D. J.
Electroanal. Chem. 1986, 201, 347. (g) Sullivan, B. P.; Meyer, T. J.
Organometallics 1986, 5, 1500. (h) Hawecker, J.; Lehn. J. M.; Ziessel,
R. Helv. Chim. Acta 19886, 69, 1990. (i) Cabrera, C. R.; Abruiia, H. D.
J. Electroanal. Chem. 1986, 209, 101. (j) Kutal, C.; Corbin, J.; Ferraudi,
G. Organometallics 1987, 6, 553. (k) O'Toole, T. R; Sullivan, B. P.;
Bruce, M. R. M.; Margerum, L. D.; Murray, R. W.; Meyer, T. J. J.
Electroanal. Chem. 1989, 259, 217. (1) Sullivan, B. P.; Bruce, M. R.
M.; O'Toole, T. R.; Bolinger, C. M.; Megehee, E.; Thorp, H.; Meyer, T.
J. In Catalytic Activation of Carbon Dioxide; Ayers, W. M., Ed.; A. C.
S. Symp. Ser. 363; The American Chemical Society: Washington, DC,
1988, (m) Calzaferri, G.; Hadener, K.; Li, J. J. Photochem. Photobiol.
A: Chem. 1992, 64, 259. (n) Shu, C.-F.; Wrighton, M. S. Unpublished
work.

(3) (a) Kaim, W.; Kohlmann, S. Chem. Phys. Lett. 1987, 139, 365.
(b) Kaim, W.; Kramer, H. E. A,; Vogler, C.; Rieker, J. J. Organomet.
Chem. 1989, 367, 107. (¢) Kaim, W.; Kohlmann, S. Inorg. Chem. 1990,
29, 2909. (d) Vogler, C. Thesis, Universitiat Stuttgart,1990.

© 1995 American Chemical Society
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[Re(CO)3(dmbpy)Cl] —E— [Re(CO)3(dmbpy)CINR

1/2 [Rey(CO)¢(dmbpy),)

\ . e-T
1/2 [Rex(CO)e(dmbpy), 1™

= halide) is exclusively localized on the a-diimine
ligand, while in the subsequent one-electron reduction
the Re center might also be involved. For [Re(CO)s-
{(bpy)Cl], a full description of the reduction pathways
has been proposed,?* which is mainly based on the data
obtained by cyclic voltammetry. Quite recently, an
analogous reaction sequence for [Re(CO)s(dmbpy)Cl]
(dmbpy = 4,4'-dimethyl-2,2'-bipyridine) has been re-
ported by Christensen et al.* They followed for the first
time the redox behavior of [Re(CO)s(dmbpy)Cl] by
means of in situ FTIR reflection spectroscopy. In this
way they were able to identify all reduction intermedi-
ates and products involved, as summarized in Scheme
1. The results obtained from these studies have clearly
shown that the one-electron reduction of the bpy or
dmbpy ligand in [Re(CO)s(a-diimine)L/] results in the
fast dissociation of the halide ligand L’

Vogler et al.?d have demonstrated for another series
of [Re(CO)3(a-diimine)L’] (I = Cl~, Br™) complexes that
the labilization of the halide ligand upon the one-
electron reduction, as studied by cyclic voltammetry and

Stor et al.
Scheme 1
l- cr
[Re(CO);(dmbpy)]* +e
+e'l
[Re(CO)5(dmbpy))” ~H . [Re(CO);(dmbpy)H)
+e'l
172 [Re(CO)g(dmbpy);]*
<0 O
=N N~/ N N-iPr

bpy iPr-PyCa
Me I N Me
Ph” “Ph

dapa
N
[N
N N
N N N @
dpp abpy
T x
OC—Re ——-b
|

in situ ESR spectroscopy, depends strongly on the
m-acceptor properties of the a-diimine ligand and the
character of the halide ligand itself. Thus, in the [Re-
(CO)s(o-diimine)L’]~ radical complexes, Br~ was more
readily replaced by donor-solvent molecules (THF,
MeCN) or by PPhj than Cl~. In addition, the rate of
this substitution reaction appeared to decrease signifi-
cantly with increasing r-acceptor ability of the a-diimine
ligand.

In this paper, we report electrochemical data for a
representative series of complexes [Re(CO)s(a-diimine)-
L’1%*+ (L’ = C1~, Br~, I, Otf~, donor solvent molecule,
PR3; a-diimine = 2,2'-bipyridine (bpy), pyridine-2-car-
baldehyde N-isopropylimine (i-Pr-PyCa), 2,6-diacetylpy-
ridine bis(anil) (dapa), 2,3-di(2-pyridylpyrazine (dpp),
azo-2,2'-bipyridine (abpy)). These complexes were care-
fully chosen with the aim to vary systematically the
influence of both the a-diimine and L’ ligands on the
reduction routes, and to investigate trends in the
stability and the spectroscopic properties of the reduc-
tion products. The individual one-electron reduction
steps and the following homogeneous reactions were

(4) Christensen, P.; Hamnett, A.; Muir, A. V. G,; Timney, J. A. J.
Chem, Soc., Dalton Trans. 1992, 1455.

o0

/N = gediimi
NN a-diimine

Figure 1. Structures of the a-diimine ligands and the

general molecular geometry of the [Re(CO)3(a-diimine)L/ 1%+
complexes.

studied by conventional cyclic voltammetry and, for the
spectroscopic characterization, by FTIR and UV/vis
spectroelectrochemistry, performed in air-tight optically
transparent thin-layer electrochemical (OTTLE) cells.
The complexes studied are [Re(CO)s(bpy)L/1%* (L’ = Cl-,
Br~, I, Otf-, THF, PPhjy), [Re(CO)3(i-Pr-PyCa)L 1%+ (I
= Br~, Otf~, THF, n-PrCN, PPhj), [Re(CO)s(dpp)Br],
[Re(CO)s(abpy)L/1¥* (I’ = Br~, Otf-, THF, PPh;), and
[Re(CO)3(N,N-dapa)L'1%+ (L’ = Br~, Otf~, THF, MeCN,
n-PrCN, PPhs, P(OMe)s). The structures of the a-di-
imine ligands and the complexes [Re(CO)s(a-diimine)-
L’]%+ are schematically depicted in Figure 1.

Experimental Section

Materials and Preparations. Tetrahydrofuran (THF,
Janssen) and acetonitrile (MeCN, Janssen) were distilled from
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Scheme 2
[Re(CO)3(bpy)L'] {Re(CO)3(bpy)(Otf)]
+e |L'=CI% Br~ ™ - Ou" | + L' = THF, PPh,
1/2 [Re;(CO)¢(bpy),)
v “a\'\de
v g Xe Y
aF palide LS q+
[Re(CO)3(bpy)L'T" <[y = T4~ [Re(CO); (bpy)L']
+e
* e
[Re(COY3(bpy))”™
+ L' = PPh; | fast +e |L'=PPh,
- L= halide +e’|-L'=PPhy

—> [Re(CO)3(bpy)L])" ~e—

Scheme 3
[Re(CO)3(iPr-PyCa)B] [Re(CO)s(iPr-PyCa)(Oth)]
- O™
ve +L=THF, | *°
PPh,
1/2 Re5(CO)4(C-C-iPr-PyCa),
v -Br~ N +e v
[Re(CO)y(iPr-PYCa)BrIT———w= | 1/2 Rey(CON(IPr-PyCa); bt [Re(CON(iPE-PYCAILT’
N =
[Re(CO)4(iPr-PyCa)L')*
+¢ |-L'=THF
“Br | fast +e | L'=PPh;
+L'=PPh, [Re(CO)4(iPr-PyCa)]”
+¢ |-L' =PPhy
» [Re(CO);(iPr-PyCa)L']* -

a Na/benzophenone mixture and from P30, respectively, under
a nitrogen atmosphere. Butyronitrile (n-PrCN, Aldrich) was
distilled from CaH; prior to use. The supporting electrolyte
BuNPF¢ (Fluka) was dried overnight under vacuum at 80 °C.
P(OMe); was distilled under vacuum from CaH,. Ferrocene
(Fe) (BDH), bpy (Merck), dpp, PPhs, and Ag*Otf~ (Otf- =
CF3S037) (all Aldrich) were used as received.

The ligands i-Pr-PyCa,’ dapa,® and abpy’ were synthesized
according to literature procedures. The [Re(CO)s(a-diimine)-
(halide)] complexes (0-diimine = bpy,? i-Pr-PyCa,? dapa?® ) were
prepared as previously described, with the modification that
the reactions were performed by refluxing the components in
toluene for 3 h. The synthesis of the [Re(CO)s(dpp)Br] complex

(5) Bock, H.; tom Dieck, H. D. Chem. Ber. 1967, 100, 228.

(6) (a) Alyea, E. C.; Merrel, P. H. Syn. React. Inorg. Metalorg. Chem.
1974, 4, 535. (b) Lavery, A.; Nelson, S. M. J. Chem. Soc., Dalton Trans.
1984, 615.

(7) Kirpal, A.; Reiter, L. Ber. Dtsch. Chem. Ges. 1927, 60, 664.

(8) Staal, L. H.; Oskam, A.; Vrieze, K. J. Organomet. Chem. 1979,
170, 235.

(9) Albon, J. M.; Edwards, D. A.; Moore, P. J. Inorg. Chim. Acta
1989, 159, 19.

was performed following reported methods.!® For the synthe-
sis of [Re(CO)s(abpy)Br] the same procedure was followed as
for the dinuclear {{Re(CO);Brl(u-abpy)} species, except that
a molar ratio [Re(CO);Br)/abpy of 1:3 was used in order to favor
the formation of the mononuclear species. All the [Re(CO);-
(a-diimine)(halide)] complexes were purified by column chro-
matography on Silica 60, activated by heating overnight under
vacuum at 150 °C, with gradient elution of n-hexane/THF. The
[Re(CO)s(a-diimine)(Otf)] complexes were synthesized accord-
ing to literature procedures,? except that Ag*Otf- instead of
H*Otf~ was used as a reactant. All electrochemical and
spectroelectrochemical samples were degassed by several
freeze—pump—thaw cycles and handled carefully under a
nitrogen atmosphere.

Spectroscopic Measurements and Instrumentation.
IR spectra were measured on a Bio-Rad FTS-7 FTIR spec-
trometer (five scans, resolution 2 cm~!). Electronic absorption
spectra were recorded on a Perkin-Elmer Lambda 5§ UV/vis
spectrophotometer, equipped with a 3600 data station. For
IR and UV/vis spectroelectrochemical experiments at room

(10) Ruminski, R.; Camb}'on, R. T. Inorg. Chem. 1990, 29, 1575.
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Table 1, CO-Stretching Frequencies of
[Re(CO)3(o-diimine) '] (L =

Cl-, Br-, I, Otf~; a-Diimine
= bpy, i-Pr-PyCa) and Their Reduction Products in THF,
unless Stated Otherwise

complex ¥{(CO) (cm™}) kay Nm™1)
[Re(CO)s(bpy)Cl] 20195, 19175, 1895 s 1527
[Re(CO)3(bpy)Br] 20195, 19195, 1895 s 1528
[Re(CO)a(bpy)I] 20205, 19215, 1900 s 1532
[Re(CO)s(bpy)(Otf)] 20345, 19305, 1914 s 1551
[Re(CO)s(bpy)THF)* 2019,1917 5,189 s 1526
[Re(CO)s(bpy)(PPh3)]+ 20375,19505s, 1922 s 1568
[Re(CO)3(bpy)CIT~ 1996 s, 1883 s, 1868 s 1483
[Re(CO)3(bpy)Br]~ 1997 s, 1888 s, 1867 s 1486
[Re(CO)s(bpy)I]~ 1995 s, 1889 s, 1866 s 1485
[Re(CO)s(bpy)(PPha)’ 2015,19195s,1892 s 1524
[Re2(CO)s(bpy)a] 1988's, 1951 s, 1887 s
1859 s
[Re(CO)s(bpy)]~ 1947 m, 1843 s, br 1425
[Re(CO)a(i-Pr-PyCa)Br] 20205s,1919s, 1897 s 1529
[Re(CO)s(i-Pr-PyCa)(Otf)) 20345,193455,1912s 1552
[Re(CO)s(i-Pr-PyCa)(THF)]* 2020, 19195, 1896 s 1529
[Re(CO)3(i-Pr-PyCa)(n-PrCN)]* 2 20365, 1930 s, br 1561
[Re(CO)s(i-Pr-PyCa)(PPhs)]* 2037 5,19518,1923 s 1569
[Re(CO)3(i-Pr-PyCa)Br]~ 1994 s, 1875 s, 1849 s 1469
[Re(CO)s(i-Pr-PyCa)}(THF)] 19955, 18755, 1851 s 1470
[Re(CO)s(i-Pr-PyCa)(n-PrCN)} b 2005 s, 1886 s, br 1499
[Re(CO)1(i-Pr-PyCa)(PPh3)] 2011s,1914 s, 1887 s 1517
[Rex(CO)e(i-Pr-PyCa),]¢ 1984 s
[Rey(CO)s(C-C-i-Pr-PyCa);]¢ 2014 s, 1993 5, 1907 m,
1890 vs, 1871 s
[Rex(CO)6(C-C-i-Pr-PyCa), )4t 2017 s, 1994 s, 1913 m,
1893 vs, 1874 sh
[Re(CO)3(i-Pr-PyCa)]~ 1948 m, 1840 s, br 1422
[Re(CO)s(i-Pr-PyCa)]~ ¢ 1946 m, 1845 s, br 1426

[Re(CO)s(i-Pr-PyCa)(n-PrCN)]~#< 1980 m

4 The imine—carbon atoms of the i-Pr-PyCa ligands are coupled. # In
n-PrCN at room temperature. ¢ Other »(CO) bands could not be observed.

temperature an OTTLE cell'! was used, equipped with a Pt-
minigrid working electrode (32 wires/cm). Spectroelectro-
chemistry at low temperature was performed in a homemade
cryostated OTTLE cell, which has been described in detail
elsewhere.!? Either NaCl or CaF; windows were utilized for
IR OTTLE measurements and CaF; or quartz windows were
employed for UV/vis OTTLE measurements. The working
electrode surroundings were carefully masked to avoid the
spectral beam passing through the nonelectrolyzed solution.
Cyclic voltammetry and controlled-potential electrolyses within
the OTTLE cell were carried out by using a PAR Model 174
potentiostat. For all spectroelectrochemical samples, the
concentrations of [Re(CO)s(a-diimine)L/1* and BuyNPFg were
1072 M and 3 x 10~ M, respectively. Cyclic voltammograms
were recorded under the following conditions: 10-® M [Re-
(CO)s(o-diimine)L’]%* in THF in the presence of 10-* M Buy-
NPFg, Pt disk electrode of 0.8 mm? area. All potentials are
reported with respect to the standard!? ferrocene/ferrocenium
(Fe/Fet) couple.

Results

IR Spectroelectrochemistry. All [Re(CO)s(a-di-
imine)L’]%* complexes studied undergo two subsequent
reduction steps which may be followed by secondary
chemical reactions (see Schemes 2—6). Infrared spectra
of the reduction products were investigated in the CO-
stretching region, and the frequencies are summarized
in Tables 1—3. Reduction of the carbonyl complexes will
be accompanied by a lowering of the stretching frequen-

(11) Krejéik, M.; Dangk, M.; Hartl, F. J. Electroanal. Chem. 1991,
317, 179.
] (12) Hartl, F.; Luyten, H.; Schoemaker, G. C. Appl. Spectrosc. 1995,
in press.

(13) Gritzner, G.; Kuta J. Pure Appl. Chem. 1984, 56, 461.
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Table 2. CO-Stretching Frequencies of
[Re(CO)3(o-diimine)L’] (L’ =, Br~, Otf~; a-Diimine = dpp,
abpy) and Their Reduction Products in THF

complex Y(CO) (cm™1) kay (Nm™1)
[Re(CO)s(dpp)Br] 20235, 19245, 1903 s 1537
{Re(CO)a(dpp)Br]~ 2000 s, 18915, 1875 s 1493
[Re(CO)s(dppXTHF)] 2008 s, 1898 5, 1881 s 1504
[Re(CO)s(dpp)(PPh3)] 20145, 19225, 1896 s 1527
[Re(CO)3(dpp)]™ 1960 m, 1855 s, br 1444
[Re(CO)a(abpy)Br] 20285, 19435, 1917 s 1556
[Re(CO)s(abpy)(Otf)] 20395, 19535, 1928 s 1573
[Re(CO)s(abpy)(THF)}* 20265, 19415, 1915 s 1553
[Re(CO)s(abpy)(PPha)]+ 2044 5,1972 s, 1946 s 1596
[Re(CO)s(abpy)Br]~ 2004 s, 1900 s, 1871 s 1498
[Re(CO)3(abpy)(THE)] 2017 5,19155,1893 s 1524
[Re(CO)s(abpy)(PPhs)T 20195, 1934 5, 1896 s 1536
[Re(CO)a(abpy)(THF)]~ 1984 5, 1880 s, 1854 s 1468
[Re(CO)3(abpy)(PPha)]~ 1991 s, 1891 s, 1860 s 1481
{[Re(CO)s(abpy)]?~ + THF} 1966 s, 1845 s, 1807 s 1418
{[Re(CO)3(abpy)}*~+ ‘PPh3} 1970 s, 1840s, 1813 s 1421

cies and force constants of the CO ligands in the
products. In particular, the changes in force constants
along the redox series are good indicators of the chang-
ing donor/acceptor character of the a-diimine ligand.
The CO-stretching vibrations of the mononuclear tricar-
bonyl complexes, having C,; symmetry, are described by
four C=0 force constants, viz. kax, keq, Raxeq, a0d Eeogeq.
These force field parameters can only be calculated,
using the Cotton—Kraihanzel Energy Factored Force
Fields method,!42? when the frequencies of the 13CO-
enriched positional isotopomers are also known.1% This
allows then the correct assignment of the two low-
frequency v(CO) bands to the A” and (A’)e normal
vibrational modes for all members of a redox series. The
empirical method by Timney!4d requires knowledge of
the geometry of the complexes which may vary ap-
preciably, see e.g. the formation of pentacoordinated
species [Re(CO)s(a-diimine)]™ (vide infra). Therefore,
only the average C=0 force constants k.4 were
calculated according to eq 1 (see Tables 1-3) and
employed in a qualitative discussion of the electronic
effects:

ko, = 4.0383 x 107*Y g0/ g; ¢))

where g; is the degeneracy of the ith CO-stretching
mode, of frequency v; (ecm™1),

A lowering of k., as a result of the reduction means
that the Re—CO z-back-bonding increased. This clearly
indicates that the added electrons are at least partly
delocalized within the Re—(a-diimine) chelate ring,
which in turn increases the electron density on the Re
center. The delocalization plays an important role for
the stability and composition of the reduction products
and depends considerably on the varying m-acceptor/o,z-
donor properties of the a-diimine ligands under study
(vide infra).

One-Electron Reduction of [Re(CO)s(a-diimine)-
L] (a-Diimine = bpy, L’ = C1-, Br—, I"; o-Diimine
= i-Pr-PyCa, dpp, abpy, L’ = Br™) in THF. One-
electron reduction of [Re(CO)3(bpy)Br] in THF/BuyNPF,

(14) (a) Cotton, F. A.; Kraihanzel, C. S. J. Am.Chem. Soc. 1962, 84,
4432, (b) Kraihanzel, C. S.; Cotton, F. A. Inorg.Chem. 1968, 2, 533, (c)
Turner, J. J.; Grevels, F. W.; Howdle, S. M.; Jacke, J.; Haward, M. T.;
Klotzbticher, W. E. J. Am. Chem. Soc. 1991, 113, 8347. (d) Timney, J.
A. Inorg.Chem. 1979, 18, 2502. (e) Braterman, P. S. Metal Carbonyl
Spectra; Academic Press: London, 1975; p 36.
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Figure 2. Structure of the C—C-coupled dimer [Rex(CO)g-
(C-C-i-Pr-PyCa),].16

at 293 K afforded the radical anion [Re(CO)3(bpy)Brl~
(»(CO) at 1997, 1888, and 1867 cm~1)4 only in very low
vield. The formation of the closely related radical [Re-
(CO)s(bpyXTHF)T can be excluded here since this radical
appeared to be very unstable when formed by one-
electron reduction of [Re(CO)s(bpy)(THF)]* (vide infra).
The second, major product formed upon reduction of [Re-
(CO)s(bpy)Br] was identified as the metal—metal-
bonded dimer [Reg(CO)s(bpylz] (#(CO) at 1988, 1951,
1887, and 1859 cm~1; UV/vis Amax = 805, 600, 470 nm),
in accordance with literature data.'t8415 The concentra-
tion of [Re(CO)3(bpy)Br]~ gradually decreased in the
course of the electrolysis. Most probably, the radical
anion lost Br~ and transformed into [Rex(CO)¢(bpy)al.

One-electron reduction of the complexes [Re(CO)s-
{(bpy)Cl] and [Re(CO)s(bpy)1] also gave [Res(CO)e(bpy)al
as the main product, together with a small amount of
[Re(CO)3(bpy)CIT~ (1{(CO) at 1996, 1883, and 1868 cm™1)
and [Re(CO)s(bpy)IT~ ((CO) at 1995, 1889, and 1866
em™1), respectively. From the radical anions [Re(CO);-
(bpy)L'T~, the Cl derivative appeared to be most stable
and could be generated at much higher concentration
than the corresponding Br and I complexes under
identical conditions. A similar trend has been observed
for the closely related [Re(CO)s(dab)L’T~ (L’ = Cl-, Br™)
species.3d

One-electron reduction of [Re(CO)3(i-Pr-PyCa)Br] in
THF yielded both [Re(CO)3(i-Pr-PyCa)Br]~ (M(CO) at
1994, 1875, and 1849 cm™!) and the metal—metal-
bonded dimer [Res(CO)g(i-Pr-PyCa),] (W(CO) at 1984
cm™!, other bands obscured; UV/vis Apnaxy = 785 nm) only
as minor products. Instead, a novel complex was
obtained with »(CO) bands at 2014, 1993, 1907, 1890,
and 1871 cm~1. Quite recently, this product has been
isolated and structurally characterized by X-ray diffrac-
tion.1® It appeared to be a C—C-coupled dimer contain-
ing two Re(CO)3(i-Pr-PyCa) fragments and no Re—Re
bond. The imine nitrogen atoms of the two i-Pr-PyCa
ligands have adopted a bridging coordination to the two
Re centers and the imine carbon atoms of these two
ligands are coupled (see Figure 2). The formation of this
complex, which will be denoted as [Rea(CO)g(C-C-i-Pr-
PyCa);], most likely occurs by a radical coupling reac-
tion. A detailed description of its structure will be given
in a forthcoming article.1®

One-electron reduction of [Re(CO)3(dpp)Br] in THF
(Scheme 4) also led to the formation of the radical
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anionic complex [Re(CO)3(dpp)Br], as evidenced by its
CO-stretching frequencies at 2000, 1891, and 1875 cm™!
which closely resemble those of [Re(CO)s(bpy)Brl~
(Table 1). However, contrary to the related bpy and
i-Pr-PyCa complexes, the radical anion did not easily
lose Br~ and did not transform into the dimer [Res(CO)s-
(dpp)2]. Instead, [Re(CO)3(dpp)Br]~ slowly converted
into a new, stable product with ¥(CO) frequencies at
2008, 1898, and 1881 cm~!. These frequencies closely
resemble those of the solvated radicals [Re(CO)s(a-
diimine)(THF)] (o-diimine = i-Pr-PyCa, abpy) (see
Tables 1 and 2) and are therefore attributed to [Re(CO)3-
(dpp)XTHF)T.

In sharp contrast to the above-mentioned complexes,
no dissociation of Br~ occurred upon one-electron reduc-
tion of [Re(CO)s(abpy)Br] in THF (see Figure 3). The
radical anionic product [Re(CO)s(abpy)Brl~ (»(CO) at
2004, 1900, and 1871 em™!) did not decompose at the
applied reduction potential of the parent complex even
30 min after the reduction had been completed. It is
thus the most stable member of the series of [Re(CO)s-
(a-diimine)Br]~ complexes under study.

All complexes [Re(CO)s(a-diimine)Br] appeared to be
thermally stable in the presence of a 100-fold excess of
PPh;. However, substitution of Br~ by the better =«
acceptor PPh; was observed upon the one-electron
reduction of the parent complexes. The substitution
was very fast for [Re(CO)3(bpy)Brl~ since this radical
anion was formed in the course of the electrolysis only
as a minor product with a very weak v(CO) band at 1997
cm™1 (Table 1). The main product was identified as the
radical [Re(CO)3(bpy)(PPh3)] (»(CO) at 2017, 1918, and
1894 cm™1) by the close similarity of its *(CO) frequen-
cies with those of [Mn(CO)3(bpy)(P(nBu)s] at 2012, 1923,
and 1891 cm™1.17 No dimer [Res(CO)g(bpy):] was de-
tected in this case. This observation again illustrates
that the Re—Br bond in the reduced complex [Re(CO)3-
(bpy)Br]~ is strongly labilized. [Re(CO)s(bpy)(PPhs)I
was reoxidized to give initially a product with »(CO)
bands at 2037, 1950, and 1922 cm™1, which are assigned
to the cation [Re(CO)3(bpy)(PPh;3)1*.18 [Re(CO)s(bpy)-
(PPh3)]* reacted back thermally with Br~, still present
in the solution, to give the parent complex [Re(CQO)s-
(bpy)Br].

In contrast to this, the conversion of the initially
generated radical anions [Re(CO)s(dpp)Br]~ and, in
particular, [Re(CO)s(abpy)Br]~ into the radicals [Re-
(CO)3(dpp)PPhy)T (»(CO) at 2014, 1922, and 1896 cm™1)
and [Re(CO)3(abpy)PPhs)I (W(CO) at 2019, 1934, and
1896 ecm™1) was a very slow process which required
typically more than 10 min for its completion.

One-Electron Reduction of [Re(CO)3(a-diimine)-
L] (e-Diimine = bpy, i-Pr-PyCa, abpy, L' = Otf").
One-electron reduction of the complexes [Re(CO)s-
(at-diimine)(Otf)] with the weakly coordinated Otf-
(CF3S037) ligand was studied by IR spectroelectrochem-
istry with the aim to provide more evidence for correct
assignment of the various reduction products obtained
from the secondary chemical reactions of the radical
anions [Re(CO)s(a-diimine)Br]~ (vide supra). This strat-
egy was particularly helpful in those cases where the

(15) Servaas, P, C.; Stor, G. J.; Stufkens, D. J.; Oskam, A. Inorg.
Chim. Acta 1991, 178, 185.

(16) Rossenaar, B. D.; Kleverlaan, C.; Stufkens, D. J.; Oskam, A.
To be published.

(17) Stor, G. J.; Morrison, S. L; Stufkens, D. J.; Oskam, A. Orga-
nometallics 1994, 13, 2641.

(18) van Dijk, H. K,; van der Haar, J.; Stufkens, D. J.; Oskam, A.
Inorg. Chem. 1989, 28, 75.
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Figure 3. IR (CO-stretching region) (A) and UV/vis (B) spectra of the products formed during the three-step one-electron
reduction of [Re(CO)s(abpy)Br] in THF: (—) [Re(CO)3(abpy)Br]; (- - -) [Re(CO)s(abpy)Brl~; (- - -) [Re(CO)s(abpy)(THF)];
(+++) {[Re(CO)3(abpy)}2— « THF}.

Scheme 4
{Re(CO);(dpp)Br}

[Re(CO)3(dpp)L]* [Re(CO)5(dpp)LT*

+e |-L'=THF +¢ |-L =PPhy

— [Re(CO)3(dpp)]” ~-—

dissociation of the Br~ ligand was a slow process, or frequencies for different compounds, such as [Re(CO)s-
when the assignment of the v(CO) bands was not (bpy)BrJ[Re(CO)3(bpy)(THF)]* or [Re(CO)s(i-PrPyCa)-
straightforward due to near concidence of the v(CO) Br]~/[Re(CO)3(i-Pr-PyCa)(THF)] (Table 1).
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Figure 4. IR (CO-stretching region) (A) and UV/vis (B) spectral changes during two successive one-electron reductions of
[Re(CO)3(bpy)(OtH] in THF: (1) [Re(CO)s(bpyXOtD]; (2) [Re(CO)3(bpy X THF)IF; (3) [Rez(CO)e(bpy)zl; (4) [Re(CO)s(bpy)]—.

All complexes [Re(CO)s(a-diimine)(Otf)] (a-diimine =
bpy, i-Pr-PyCa, abpy) (Tables 1 and 2) were transformed
already at the onset of the one-electron reduction in
THF into the cationic complexes [Re(CO)(a-diimine)-
(THF)]* (see Figure 4A). Similarly, the cations [Re-
(CO)3(0-diimine)(PPh3)]t were obtained in the presence
of a 100-fold excess of PPhs in THF. For example, the
corresponding thermal substitution of Otf~ by THF or
PPh, in the complex [Re(CO)3(bpy)XOtf)] took several
hours at ambient temperature. This electrocatalytic
ligand substitution reaction was not further investigated
and most likely occurs via the same mechanism as
proposed by Kochi et al.1? for the related electrocatalytic
substitution of MeCN in [(MeCp)Mn(CO);(MeCN)] by
PR3 or P(OR)3. In our case, the radical chain process is
initiated by substitution of the labile Otf~ ligand in the
reduced complex [Re(CO)s(o-diimine)(Otf)]~ by either
THF or PPh; to give the radicals [Re(CO)s(a-diimine)-

(19) Hershberger, J. W.; Klingler, R. J., Kochi, J. K. J. Am.Chem.Soc.
1983, 105, 61.

L’T (' = THF or PPhj). As follows from Table 7, both
radicals can transfer the unpaired electron to parent
[Re(CO)3(a-diimine)(Otf)], by which process they are
oxidized to the corresponding cations (the propagation
step). The electrocatalytic reaction is terminated by
one-electron oxidation of the radicals [Re(CO)s(a-di-
imine)L’T at the electrode potential applied. The latter,
heterogeneous electron transfer at the electrode surface
may significantly compete with the homogeneous elec-
tron transfer provided that both processes are outer-
sphere electron transfers. Since this is likely the case,
both, radical chain and electrode mediated,!® electro-
catalytic mechanisms may operate.

One-electron reduction of the cations [Re(CO)s(a-
diimine)L’]* (a-diimine = bpy (see Figure 4), i-Pr-PyCa,
abpy; L’ = THF, PPh;) at a lower electrode potential
gave primarily the corresponding radicals [Re(CO)s(a-
diimine)L'] (see Schemes 2, 3, and 5 and Tables 1 and
2). The radicals [Re(CO)s(a-diimine)(PPha)I were formed
as single, stable species. Contrary to this, stable
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radicals [Re(CO)s(a-diimine)(THF)] were obtained only
for the abpy and dpp (see above, and Scheme 4)
complexes. [Re(CO)3(bpyXTHF)I converted to the dimer
[Res(CO)s(bpy)a] as the only detectable product. [Re-
(CO)3(i-Pr-PyCa)THF)] was formed only in low yield,
together with a very small amount of the metal—metal-
bonded dimer [Rea(CO)s(i-Pr-PyCa);]. The C—C-coupled
dimer [Rez(CO)g(C-C-i-Pr-PyCa)s] (Figure 2) was the
main product in this case.

A different reaction sequence was observed for [Re-
(CO)3(i-Pr-PyCa)Otf)] in n-PrCN. The complex trans-
formed thermally into a product with »(CO) bands at
2036 and 1930 (broad) cm™1. The two lowest frequency
(CO) bands coincide. This effect has also been observed
for several [Re(CO)s(a-diimine)(MeCN)I* complexes.3d
This »(CO) pattern is a typical property of [Re(CO)s-
(N)sI* complexes, having three N-donor atoms trans to
the carbonyls (a local C3, symmetry). Therefore, we
identify the product as [Re(CO)s(i-Pr-PyCa)(n-PrCN)]*.
One-electron reduction of this cation afforded two
products in comparable concentrations: the C-C-
coupled dimer [Rey(CO)g(C-C-i-Pr-PyCa);] and a second
complex with »(CO) bands at 2005 and 1886 (broad)
em~l. Again on the basis of the broadness of the 1886
em~! band,? the latter frequencies are assigned to the
[Re(CO)s(i-Pr-PyCa)(n-PrCN)T radical. Both processes,
the thermal conversion of [Re(CO)3(i-Pr-PyCa)(Otf)] into
[Re(CO)3(-Pr-PyCa)(n-PrCN)I* and the formation of the
solvent-stabilized radical [Re(CO)s(i-Pr-PyCa)(n-PrCN)T,
show that n-PrCN coordinates more strongly to the Re
center than THF.

In Situ Electrochemical Generation of Doubly
Reduced Anions [Re(CO)s(o-Diimine)]~ (a-Diimine
= bpy, i-Pr-Pyca, dpp) and [Re(CO)s(c-diimine)-
L’]- (e-Diimine = i{-Pr-PyCa, L' = n-PrCN; o-Di-
imine = abpy, L’ = THF, PPhg). All singly reduced
Re(a-diimine) complexes, described in the preceding
text, could be reduced in a subsequent one-electron,
o-diimine-localized step. The composition of the doubly
reduced species was mainly dependent on the particular
a-diimine ligand used (see schemes 2—5 and Figures 3
and 4).

Reduction of [Re(CO)s3(bpy)L'T~ (L' = C17, Br~, I),
stabilized by an excess of L’ in the solution, of the
metal—metal-bonded dimer [Re2(CO)g(bpy)a], and of the
radical [Re(CO)3(bpy)(PPhs)} produced the same com-
pound possessing ¥(CO) bands at 1947 and 1843 (broad)
cm™! (see Figure 4A). These frequencies are assigned
to the five-coordinated anionic complex [Re(CO)3(bpy)]-,
in accordance with previous results obtained by cyclic
voltammetry,2tk with the results of Christensen et al.,*
and with its invariable ¥»(CO) frequencies, regardless the
composition of the parent complexes. Similarly, [Re-
(CO)s(dpp)]~ ((CO) at 1960 and 1855 (broad) cm™!) was
obtained by one-electron reduction of both [Re(CO)s-
(dpp)X(THF)I and [Re(CO)s(dpp)(PPhs)l. It should be
noted that all reductions were fully chemically revers-
ible. Reoxidation of [Re(CO)s(bpy)]~ in THF in the
presence of 1 equiv of Br~ led both to [Rex(CO)g(bpy)a]
and a small amount of [Re(CO)3(bpy)Br]~. This obser-
vation indicates existence of an equilibrium between the
two products (see Scheme 2).

The closely related anion [Re(CO)s(i-Pr-PyCa)l~ (v-
(CO) at 1948 and 1840 (broad) cm™1) was formed in THF
by reduction of [Re(CO)s(i-Pr-PyCa)Br]—, [Re(CO)s(i-Pr-

Stor et al.

PyCa)(THF)T (both generated in low concentration in
THEF, see above) and the stable radical [Re(CO)3(i-Pr-
PyCa)(PPhy)], and of the dimers [Re(CO)g(i-Pr-PyCa)s)
and [Res(CO)g(C-C-i-Pr-PyCa)]. Only in n-PrCN, the
reduction of [Re(CO)3(i-Pr-PyCa)(n-PrCN)I, present in
equilibrium with [Rex(CO)g(C-C-i-Pr-PyCa)] (see above),
afforded a small amount of the six-coordinated anion
[Re(CO)3(i-Pr-PyCa)(n-PrCN)]~ having a weak v»(CO)
band at 1981 cm™!. The lower »(CO) frequencies of this
anion were obscured by those of dominant [Re(CO)3(i-
Pr-PyCa)l~ (»(CO) at 1946 and 1845 (broad) cm™).
Nevertheless, the assignment of the 1981 cm™! band to
[Re(CO)3(i-Pr-PyCa)(n-PrCN)]™ is strongly supported by
the IR spectra of [Re(CO)3(IN,N-dapa)(n-PrCN)]~ (see
below, Table 3) and [Re(CO)3(bpy)(n-PrCN)I~ (»(CO) at
1980, 1861, and 1851 cm™!). The latter six-coordinated
anion was recently generated?® in high yield in n-PrCN
at 213 K.

A remarkable difference in behavior upon reduction
was observed for the radical complexes containing the
abpy ligand. In THF, both stable radicals [Re(CO)s-
(abpy)Br]~ and [Re(CO)3;(abpy)THF)I were converted
in separate experiments into the same product with
three distinct ¥(CO) bands at 1984, 1880, and 1854 cm ™}
(see Scheme 5 and Figure 3A). In contrast, [Re(CO)s-
(abpy)(PPh3)] was reduced to give a different species
which exhibited v(CO) vibrations at 1991, 1891, and
1860 cm~!. The appearance of three new ¥(CO) bands
indicates that the doubly reduced complexes have
retained a six-coordinated geometry since the related
six-coordinated complexes [Re(CO)3;(DBCat)L’]- (L’ =
PPh3)2! and adducts [Mn(CO)s(DBCat)]~L’ (DBCat =
3,5-di-tert-butylcatecholate, L' = pyridine, PPhg,
P(cHex);)?2 also exhibit three well-separated »(CO)
bands. Up to now, only five-coordinated anions such
as [Mn(CO)3(DBCat)]~,22 [W(CO)3(DBCat}?>~,28 [Mn-
(CO)3(bpy)1~,17 and [Re(CO)s(a-diimine)]~ (a-diimine =
bpy, i-Pr-PyCa, dpp) (see Tables 1 and 2) appeared to
be characterized by only two »(CO) bands. The doubly
reduced products are therefore assigned as [Re(CO)s-
(abpyXTHF)]~ and [Re(CO)s(abpy)XPPhs)]~, respectively.

Contrary to the other complexes, both [Re(CO)s-
(abpy)(THF)]~ and [Re(CO)s(abpy)PPhs)]~ could even
be reduced in a third one-electron step. The resulting
products showed three well-separated CO-stretching
vibrations of equal intensities at 1966, 1845, and 1807
c¢m~1, and at 1970, 1840, and 1813 ¢cm™!, respectively.
The small difference between the corresponding average
CO force constants k., (see Table 2) implies that the
sixth ligand L’ = THF, PPh; only weakly interacts with
the Re center. Hence, both dianionic complexes are
formulated as {[Re(CO)s(abpy)]?—--L'}.

Reduction of [Re(CO)3(N,N-dapa)L'] (L = Br,
Otf-). In both starting complexes, the dapa ligand is
bidentately coordinated to the Re center via the pyridine
nitrogen atom and one of the imine nitrogen atoms, as

(20) van Outersterp, J. W. M,; Hartl, F.; Stufkens, D. J. Organo-
metallics 1995, in press.

(21) Hartl, F.; ViZek, A., Jr. Inorg. Chem. 1992, 31, 2869.

(22) Hartl, F.; Stufkens, D. J.; Vléek, A., Jr. Inorg. Chem. 1992, 31,
1687.

(23) Darensbourg, D. J.; Klausmeyer, K. K.; Mueller, B. L.; Reiben-
spies, J. H. Angew. Chem., Int. Ed. Engl. 1992, 31, 1503.
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evidenced by the 1H NMR spectra.®?4¢ Contrary to the
other complexes discussed so far, this ligand may,
however, use its nitrogen-donor sidearm to adopt a
tridentate coordination. In order to find out if this
property plays an important role in the redox chemistry
we studied the reduction pathways of Re(CO)3;(N,N-
dapa)l’] in detail.

When [Re(CO);(V,N-dapa)(Otf)] was dissolved in THF,
a slow thermal reaction occurred to give a product with
CO-stretching vibrations at 2022, 1925, and 1900 cm™1.
As such a reaction was not observed for [Re(CO)s(i-Pr-
PyCa)(Otf)] (see above), these frequencies are attributed
to the six-coordinated [Re(CO)3(N,N,N-dapa)l* complex,
in which the Otf~ anion has been substituted by the
third nitrogen atom of the dapa ligand. This indicates
that this donor atom coordinates more strongly than
THF. All [Re(CO)3(V,N-dapa)(Otf)], not yet thermally
transformed into [Re(CO)s3(N,N,N-dapa)l*, reacted to
give the latter product in 100% yield prior to the onset
of the first one-electron reduction step. The thermal
lability of [Re(CO)3(N,N-dapa)(Otf)] became evident
when the complex was dissolved in THF/100-fold excess
of PPhs, or in MeCN or n-PrCN. In the former case, a
mixture of [Re(CO)3(N,N,N-dapa)]* and [Re(CO)3(N,N-
dapa)(PPh3)]* was obtained, whereas in the latter case,
[Re(CO)3(N,N-dapa)L’]" (L’ = MeCN or n-PrCN) was
exclusively formed (see Table 3 for the corresponding
v(CO) frequencies). These thermal reactions clearly
illustrate that there is a competition between PPh; and
the third nitrogen atom of the dapa ligand regarding
their coordination to Re, and that MeCN and n-PrCN
coordinate more firmly than PPhs in the cationic

(24) (a) Alyea, E. C.; Ferguson, G.; Restivo, R. J. Inorg. Chem. 1975,
14, 2491. (b) Restivo, R. J.; Ferguson, G. J. Chem. Soc., Dalton Trans.
1976, 518. (c) Blake, A. J.; Lavery, A. J.; Hyde, T. L; Schrider, M. J.
Chem. Soc., Dalton Trans. 1989, 965. (d) Edwards, D. A.; Mahon, M.
F.; Martin, W. R.; Molloy, K. C.; Fanwick, P. E.; Walton, R. A. J. Chem.
Soc., Dalton Trans. 1990, 3161. (e) Stor, G. J.; van der Vis, M
Stufkens, D. J.; Oskam, A. To be published.

Table 3. CO-Stretching Frequencies of
[Re(CO)3(N,N-dapa)L’] (L’ = Br—, Otf") and Their
Reduction Products in THF, unless Stated Otherwise

complex »(CO) (cm™1) kay Nm™!)
[Re(CO)3(N,N-dapa)Br] 20225, 1924 s, 1901 s 1535
[Re(CO)3(N,N-dapa)(Otf)] 2033s,19355,1916 s 1555
[Re(CO)3(N,N-dapa)(MeCN)]* ¢ 2037 s, 1934 s, br 1566
[Re(CO)3(N,N-dapa)(n-PrCN)]*% 2038 s, 1936 s, br 1568

[Re(CO)3(N,N,N-dapa)]* 2022, 19255, 1900 s 1535
[Re(CO)3(N,N-dapa)(PPhs)]™ 20365, 19495, 1927 s 1569
[Re(CO)3(N,N-dapa)(P(OMe)3)]" 2044 s, 1963 s, 1929 s 1582
[Re(CO)3(N,N-dapa)(MeCN)] ¢ 2009 s, 1899 s, br 1514
[Re(CO)3(N,N-dapa)(n-PrCN)] 2012 s, 1901 s, br 1518
[Re(CO)3(N,N,N-dapa)] 2000 s, 1887 s, 1860 s 1483
[Re(CO)3(N,N,N-dapa)] @ 1998 s, 1886 s, 1852 s 1478
[Re(CO)3(N,N,N-dapa)]'® 2000s, 1891, 1853 s 1481
[Re(CO)3(N,N-dapa)(PPhs)] 2013, 19165, 1898 s 1525
[Re(CO)3(N,N-dapa)(PPh3)] ¢ 2011s,1914, 1891 s 1519
[Re(CO)3(N,N-dapa)(P(OMe)3)]” 2020, 1929 s, 1898 s 1535
[Re(CO)(N,N-dapa)(P(OMe)s);]  1940's, 1862 s 1460
[Re(CO)3(N,N,(N)-dapa)]~ 1964 s, 1856 s, 1840 s 1439
[Re(CO)3(N,N-dapa)(MeCN)]~ 2 1983 s, 1865 s, 1842 s 1454
[Re(CO)3(N,N-dapa)(n-PrCN)]~> 1980, 18565, 1842 s 1448
[Re(CO)3(N,N-dapa)(n-PrCN)]~¢ 1980, 18655, 1843 s 1453
[Re(CO)3(N,N-dapa)(P(OMe)3)]~ 1997 s, 18925, 1872 s 1490

2In MeCN at 243 K. ?In n-PrCN at 233 K. ¢In #-PrCN at room
temperature.

complexes when used as solvents. In accordance, no
[Re(CO)3(N,N-dapa)(PPhg)]™ appeared in MeCN or n-
PrCN.

Similar competitive substitution reactions took place
even during the one-electron reduction of the aforemen-
tioned dapa complexes (see Scheme 6). Upon passing
the one-electron reduction step in THF, [Re(CO)3-
(N,N,N-dapa)l* was smoothly converted into a product

(25) (a) Angelici, R. J.; Basolo, F.; Pog, A. J. J. Am. Chem. Soc. 1963,
85, 2215. (b) Reimann, R. H.; Singleton, E. J. Chem. Soc., Dalton Trans.
1978, 841. (c) Wuyts, L. F.; van der Kelen, G. P. Inorg. Chim. Acta
1977, 23, 19. (d) Bond, A. M.; Colton, R.; McDonald, M. E. Inorg. Chem.
1978, 17, 2842. (e) Bombin, F.; Carriedo, G. A.; Miguel, J. A,; Riera,
V. dJ. Chem. Soc., Dalton Trans. 1981, 2049. (f) Carriedo, G. A.; Riera,
V. J. Organomet. Chem. 1981, 205, 371. (g) Bond, A. M.; Colton, R,;
McCormick, M. J. Inorg. Chem. 1977, 16, 155.
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Scheme 6
[Re(CO)3(N,N-dapa)Br]
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+e
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[Re(CO)3(N,N,N-dapa)]* «e¢———— [Re(CO);3(N,N-dapa)(n-PrCN)]*

slow

[Re(CO)5(N,N-dapa)(n-PrCN)]™

{Re(CO)3(N,N-dapa)Br] [Re(CO)4(N,N-dapa)(Otf)] B.
- Otf"{+ L' = PPh,,
P(OMe),
[Re(CO)3(N,N,N-dapa)]* + [Re(CO)3(N,N-dapa)L']*
-Br”
*€ | +L =Ppn, +¢ |+L =PPhy +¢ |L =PPh
+¢ |L'=P(OMe);
[Re(CO)3(N,N,N-dapa)}* [Re(CO)3(N,N-dapa)L']*
e +

[Re(CO)3(N,N-dapa)L']*

Y
[Re(CO);(N,N-dapa)L.']*

-Co

[Re(CO)3(N,N,(N)-dapa)]”

fast
+L' = P(OMe),
Y
“|-L'=PPhy [Re(CO),(N,N-dapa)(L'),]*
-L' = P(OMe);
+CO

with CO-stretching vibrations at 2000, 1887, and 1860
cm™1. These frequencies can reasonably be assigned to
the radical [Re(CO)3(N,N,N-dapa)l, as coordination of
THF has been found to be too weak (see above) to
compete significantly. It should be noted that the
intensity pattern of the »(CO) bands of both [Re(CO)s-
(N,N,N-dapa)l* and [Re(CO)3(N,N,N-dapa)l (see Table
3) rules out their meridional geometry with in-plane
coordinated dapa.16.24.25

One-electron reduction of [Re(CO)3(N ,N-dapa)L'T* (L’
= MeCN or n-PrCN) initially afforded the corresponding
radicals [Re(CO)s(N,N-dapa)L'T with typically coincident
lower »(CO) frequencies (see Table 3). However, in
contrast to the cations [Re(CO)3(N,N-dapa)L’]* (L' =
MeCN or n-PrCN), the radicals appeared to be ther-
mally more labile, as they slowly transformed to [Re-
(CO)3(V,N,N-dapa)], even when the temperature was
decreased to 243 K (in MeCN) or to 223 K (in n-PrCN).
In the presence of PPhg, the radical [Re(CO)3(IN,N-dapa)-
(PPh3)l was obtained as the major product besides a

[Re(CO)4(N,N-dapa)L']™

small amount of [Re(CO)3(N,N,N-dapa)l. These results
clearly indicate that, in particular, coordination of a
better m-acceptor is more important for the stability of
the radicals, than for that of the parent cationic
complexes.

Exactly the same conclusion can be drawn for the
complexes [Re(CO)s3(N,N-dapa)Br]”~ and [Re(CO)s(V,N-
dapa)(P(OMe)3)]*" (see Scheme 6). The only exception
to the reactivity pattern of the tricarbonyl complexes,
as outlined above, was an occurrence of a CO-substitu-
tion reaction for the radical [Re(CO)s(N,N-dapa)(P-
(OMe)3)]' in the presence of excess P(OMe)s which
afforded a bis(carbonyl) product with two intense »(CO)
bands at 1940 and 1862 em~!1, As such a CO substitu-
tion was not observed in the presence of excess PPhg, it
is concluded that [Re(CO)o(N . N-dapa)(P(OMe)s)e] had
been formed.

In a subsequent one-electron reduction step, [Re(CO)q-
(IN,N-dapa)(P(OMe)s).] was converted into a tricarbonyl
complex with »(CO) bands at 1997, 1892, and 1872 cm™1.
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Table 4. Absorption Maxima in the Visible Region of
[Re(CO)s(a-diimine)L’] (L’ = CI-, Br~, I, Otf~; a-Diimine
= bpy, i-Pr-PyCa) and Their Reduction Products in THF
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Table 5. Absorption Maxima in the Visible Region of
[Re(CO)s(a-diimine)L’] (L’ = Br—, Otf~; o-Diimine = dpp,
abpy) and Their Reduction Products in THF

complex Amax (M) complex Amax (nm)
[Re(CO)s(bpy)Br] 385 [Re(COY(dpp)Bi] 415, 320 sh
[Re(CO)3(bpy)(Oth)] 355 [Re(CO)s(dpp)Br]~ 425,310
[Re(CO)3(bpy ) THF)]* 385 [Re(CO)s(dpp)(THF)] 425,310
{Re(CO)s(bpy)(PPhs)]* 365, 330 [Re(CO)2(dpp)(PPhs)] 450
[Re(CO)s(bpy)(PPhy)] 500, 390 [Re(CO)s(dpp)]- 530, 410 sh, 320
[Rez(CO)s(bpy)2] 805, 600, 470 [Re(CO)3(abpy)Br] 570, 345
[Re(CO)a(bpy)]~ 750 sh, 680 sh, 630 sh, 560 [Re(CO)s(abpy)Br]~ 500, 380
[Re(CO)s(i-Pr-PyCa)Br] 410 [Re(CO)s(abpy)(THF)]~ 470, 350 sh, 290
[Re(CO)3(i-Pr-PyCa)(Otf)] 365, 270 [Re(CO)3(abpy)- * “THF]*~ 480, 360
[Re(CO)s(i-Pr-PyCa)(THF)]* 380
[Re(CO)s(i-Pr-PyCa)(PPhs)]* 375 Table 6. Absorption Maxima in the Visible Region of
[Re(CO)3(i-Pr-PyCa)(THF)] 395, 330 [Re(CO)3(N,N-dapa)L’] (L’ = Br—, Otf~) and Their
[Re(CO)3(i-Pr-PyCa)(PPhs)]' 450 sh, 395 Reduction Products in THF
[Rex(CO)s(C-C-i-Pr-PyCa),] 390
[Rex(COVs(i-Pr-PyCa)z] 785 complex Amax (nm)
[Re(CO)3(i-Pr-PyCa)] 510, 285 [Re(CO)3(N,N-dapa)Br] 415
[Re(CO)3(N,N-dapa)(Otf)] 375
; ; : [Re(CO)3(N,N,N-dapa)]™ 390
The shift of these frequencies .w1th respect tq those of [Re(CO)s(N,N-dapa)(PPhs)]* 375
[Re(CO)3(N,N-dapa)(P(OMe)3)] (see Table 3) is almost [Re(CO)s(N.N.N-dapa)] 405
equal to the frequency shifts observed upon the reduc- [Re(CO)s(NV,N-dapa)(PPhs)] 430
tion of [Re(CO)s(abpy)PPhg) to give [Re(CO)s- [Re(CO)(N,N,(N)-dapa)]~ 540

(abpy)(PPhg)]~ (see Table 2). The above frequencies are
therefore assigned to the doubly reduced six-coordinated
[Re(CO)s(N,N-dapa)P(OMe)3)]~ complex. This means
that one of the coordinated P(OMe); ligands is substi-
tuted by CO, still present in the thin solution layer of
the OTTLE cell.

Two different anionic complexes were obtained by one-
electron reduction of [Re(CO)3(N,N,N-dapa)l. In n-
PrCN at 233—293 K, the six-coordinated anion [Re-
(CO)3(N,N-dapa)(n-PrCN)]~ (»(CO) at 1980, 1856, and
1842 ¢m™1, 233 K) was most likely formed as the only,
stable product which did not even react with a 100-fold
excess of PPhs. In THF at 293 K, another species was
generated which exhibited +(CO) bands at 1964, 1856,
and 1840 cm™1, i.e. at much lower wavenumbers than
those of six-coordinated [Re(CO)3(N,N-dapa)(n-PrCN)]-,
but at apparently higher wavenumbers than those of
the five-coordinated, closely related anion [Re(CO)s(i-
Pr-PyCa)l~ (see Table 1). We therefore attribute the
¥(CO) frequencies in THF to a six-coordinated anion [Re-
(CO)%(N,N ,(N)-dapa)]~, in which, however, coordination
of the third N-atom of dapa to the Re center is very
weak.

Scheme 6 summarizes the reduction pathways of [Re-
(CO)3(N,N-dapa)L’] (L’ = Br~, Otf") in THF or n-PrCN
in the absence (A) and presence (B) of PPhs or P(OMe)s.

UV/Vis Spectroelectrochemistry. Several redox
reactions described in the preceding section were also
followed by UV/vis spectroscopy under the same condi-
tions (concentration, temperature). The UV/vis data of
the starting complexes and the products are sum-
marized in Tables 4—6.

The [Re(CO)s(a-diimine)Br] complexes under study
show one (a-diimine = bpy, i-Pr-PyCa, dapa) or two (a-
diimine = dpp, abpy) absorption bands in the visible
region. The lowest energy bands of all parent complexes
belong to CT transitions from z-interacting Re d,—
halide p, orbitals to the lowest #* orbital of a-diimine
(L) (i.e. to transitions of a mixed MLCT/L'LCT charac-
ter).26 For [Re(CO)s(dpp)Cl], the band at higher energy

(26) Stor, G. J.; Stufkens, D. J.; Vernooijs, P.; Baerends, E. J,;
Fraanje, J.; Goubitz, K. Inorg. Chem. 1994, 33, in press.

has been assigned to an intraligand 7 — 7* transition
of the dpp ligand.10

Upon the one-electron reduction of [Re(CO)s(bpy)L’]
(L’ =Cl, Br—, I, Otf~) the metal—metal-bonded dimer
[Rex(CO)s(bpy):] was formed, which shows an intense
band at 805 nm, and two weaker bands at 600 and 470
nm, respectively (Figure 4B). The 805 nm band most
probably belongs to Re d, — #* (bpy) MLCT transi-
tions,!5 analogous to the related [Mng(CO)s(bpy)z] dimer.2
One-electron reduction of [Re(CO)3(i-Pr-PyCa)L’] (I’ =
Br~, Otf™) only produced a very small amount of [Res-
(CO)(i-Pr-PyCa)2] which showed again a low-energy
band at 785 nm. For the C—C-coupled dimer [Re(CO)g-
(C-C-i-Pr-PyCa)q], formed as the main product, the
lowest-energy MLCT transition had shifted to 390 nm
due to loss of conjugation between the pyridine and
imine groups.

The final reduction product, the five-coordinated
anion [Re(CO)s(bpy)]~, exhibits a broad and intense
absorption band at 560 nm with shoulders at 630, 680,
and 750 nm (Figure 4B). Similarly, [Re(CO)s(i-Pr-
PyCa)L’] (L’ = Br~, Otf~) and [Re(CO)3(dpp)Br] afforded
the five-coordinated anions [Re(CO)3(i-Pr-PyCa)]l™ (Anax
510 nm) and [Re(CO)z(dpp)]~ (Amax 530, 410 (sh), 320
nm), respectively. The absorption band between 500
and 600 nm might be assigned either to an intraligand
transition in the a-diimine ligand or, more probably, to
an electronic transition with a partial bpy?~ — Re! CT
character.2?

The UV/vis spectra of the reduction products formed
in the course of the successive reduction of [Re(CQO)s-
(abpy)Br] in THF, i.e. those of the radical anion
[Re(CO)s(abpy)Br]—, the anion [Re(CO)s(abpy)(THF)]-,
and the dianion {{Re(CO)s(abpy)} + ‘THF 2", are depicted
in Figure 3B.

Cyclic Voltammetry. Cyclic voltammograms of the
complexes [Re(CO)s(a-diimine)L’1%+ (L’ = Cl-, Br~, I,
Otf-, PPh;) were recorded in THF. The electrode

(27) (a) Kokkes, M. W.; de Lange, W. G. J.; Stufkens, D. J.; Oskam,
A. J. Organomet. Chem. 19885, 294, 59. (b) Stufkens, D. J. Coord. Chem.
Rev. 1990, 104, 39. (¢) van der Graaf, T.; Stufkens, D. J.; Oskam, A,;
Goubitz, K. Inorg. Chem. 1991, 30, 599.
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Table 7. Reduction Potentials (V vs Fc/Fc™) of the
Complexes [Re(CO)s(o-diimine)L’]%*/

complex Eyle (AEp) Ep e
[Re(CO)3(bpy)Cl1] —-1.91 (110) -2.38
[Re(CO)s(bpy)Br] —-191 (110) -2.33
[Re(CO)3(bpy)1] -191  (105)  —227
[Rex(CO)s(bpy)a)® —2.08 (100)
[Re(CO)3(bpy)(OtH))e -1.54 (95)
[Re(CO)s(bpy)(THF)]* ¢ -1.73 sy  —223
[Re(CO)s(bpy)(PPhs)]* ¢ —-1.62 (75) -2.10
[Re(CO)5(i-Pr-PyCa)Br] -1.75 (90) —-2.37
[Re2(CO)g(C-C-i-Pr-PyCa),] —-1.96
[Re(CO)3(i-Pr-PyCa)(Otf)]¢ —1.36 (90)
[Re(CO)s(i-Pr-PyCa)(THF)] 4 -1.64 (120) —-2.21
[Re(CO)3(i-Pr-PyCa)(PPha)]* ¢ —1.45 (85) -2.08
[Re(CO)3(N,N-dapa)Br] —1.64 (90) -2.16
[Re(CO)3(N,N-dapa)(Otf)]¢ -1.29 (100)
[Re(CO)3(N.N,N-dapa)]* -1.59 (105) -2.16
[Re(CO)3 (N, N-dapa)}(P(OMe)3)1+ f —1.40 70) -1.95
[Re(CO)3(N,N-dapa)(PPhs)]" ¢ -1.35 (80)  —1.82
[Re(CO)s(dpp)Brl -1.56 80)  —2.05
[Re(CO)s(abpy)Brl* ~0.80 ©0)  —1.49
[Re(CO)3(abpy)(Otf)]° —0.46 (115)
[Re(CO)s(abpy)(THF)]* 44 -0.62 (70) —-1.36
[Re(CO)s(abpy)(PPh3)]t ¢+ -0.51 (80) —1.46

2 Peak potentials of the first and second reductions. # Oxidation of
[Re,(CO)s(bpy)2] at —0.29 and —0.60 V vs Fc/Fc™. < No second reduction
observed. ¢ Measured in situ in a [Re(CO)3(a~diimine)(Otf)]//THF solution.
¢ Measured in situ in a [Re(CO)s(a-diimine)(Otf))/excess PPhy/THF solution.
fMeasured in situ in a [Re(CO)s(abpy) (Otf))/excess P(OMe)s/THF solution.
& Both in the absence and presence of excess PPhs. h A third, electrochemi-
cally quasireversible, chemically reversible reduction at E, = —2.86 V vs
Fc/Fct. ! AE, =90 mV.J CV of 1073 M solutions in THF/10~! M BusNPFs
at v = 100 mV/s, 0.8 mm? Pt disk electrode, 293 K.

potentials, presented in Table 7, were measured against
the standard Fc/Fet redox couple,18.28

The cyclic voltammograms (CV) of the complexes [Re-
(CO)s(a-diimine)Br] (o-diimine = bpy, i-Pr-PyCa, dapa,
dpp), measured without excess Br~ in the THF solution,
exhibited two one-electron cathodic peaks separated by
approximately 400—600 mV (see Table 7). The only
exception was the CV of the complex [Re(CO)s(abpy)-
Br] in which the two cathodic peaks were found at
significantly more positive potentials (Table 7) and were
separated by 690 mV (see Figure 5A). In this case, even
a third cathodic peak appeared at E,. = —2.86 V.

On the basis of previous results,2dfk3bd the first
reduction is assigned to

+e”

[Re(CO),(a-diimine)Br] =
[Re(CO)4(a-diimine)Br]™ (2)

For all [Re(CO)s(a-diimine)Br] studied, this process was
electrochemically reversible and diffusion controlled, as
evidenced by identical or slightly different AE;, values
for the [Re(CO)s(a-diimine)Br}/[Re(CO)3(a-diimine)Br]~
and Fc/Fc* redox couples?® and by a constant value of
the current function i,v~'2, respectively. The reduction
was chemically reversible on the CV time scale, cor-
responding to the scan rate range of v = 50—500 mV/s,
only for the complexes [Re(CO)s(a-diimine)Br], a-di-
imine = dpp and abpy (the current ratio i,?/i,° = 1). The
one-electron reduction of these two [Re(CO)s(a-diimine)-
Br] complexes was chemically reversible even in the
presence of a 100-fold excess of PPhs in the THF

(28) Electrochemical reversibility of all electrode processes was
compared with that of the Fe/Fet couple in the same solution to account
for effects such as uncompensated iR drop, electrode passivation, etc.

Stor et al.

B
A
1 HA
A.
T T T
-0.5 -1.0 -1.5
V vs Fe/Fc*
B
A
1A
B.
T T T
-0.5 -1.0 -1.5
V vs FefFc*

Figure 5. Cyclic voltammogram of [Re(CO)s(abpy)Br] in
the absence (A) and presence (B) of PPhs. Conditions: 1072
M solution in THF/10-1 M BuyNPF; (A), and 101 M PPh;
(B); Pt disk electrode, 293 K, v = 100 mV/s.

solution. This observation is in full agreement with the
IR spectroelectrochemical results (see above) which
indicated only slow substitution of Br~ by THF (a-
diimine = dpp) or by PPh; (a-diimine = dpp, abpy).
The radical anions [Re(CO)s(a-diimine)Br]~ (a-di-
imine = bpy, i-Pr-PyCa, dapa) were not stable on the
CV time scale (i,%/i,° was less than 1 within v = 50—
500 mV/s and did not change significantly with the
increasing scan rate). On the reverse scan, a small
anodic peak appeared in all cyclic voltammograms at a
more positive potential than that of the anodic coun-
terpeak of the [Re(CO)s(a-diimine)Br}/[Re(CO)s(a-di-
imine)Br]~ redox couple. On the basis of the IR OTTLE
results (see above) and on comparison with cyclic
voltammograms of the related complexes [Re(CO)s(a-
diimine)(Otf)] (see below, Table 7), the small anodic
peaks are assigned to reoxidation of the radicals [Re-
(CO)3(o-diimine)(THF)] (a-diimine = bpy, i-Pr-Pyca)
and [Re(CO)3(N,N,N-dapa)], formed from the labile
radical anions [Re(CO)s(a-diimine)Br]~ by dissociation
of Br~ and rapid coordination of the solvent or the third
nitrogen atom of the dapa ligand, respectively. It is
noteworthy that the radical [Re(CO)3(bpyTHF)I was
not detected on the OTTLE time scale due to its fast
conversion to [Rea(CO)g(bpy)s] (see above). The forma-
tion of the dimer on the CV time scale was revealed by
the presence of two additional anodic peaks in the CV
of [Re(CO)s(bpy)Br] at E,, = —0.60 and —0.29 V,
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observed on the reverse scan after passing the first
cathodic process, and a new, electrochemically revers-
ible, redox couple at Eys = —2.03 V, observed during
repeated potential sweeps between the two cathodic
processess of parent [Re(CO);(a-diimine)Br] (Table 7).
In accordance with literature data, the chemically
irreversible anodic processes are assigned to

+e”
[Rey(CO)g(bpy),] = [Rey(CO)(bpy),]™  (3)

and

+e”
[Re,(CO)4(bpy),]T = [Rey(CO)g(bpy),I**  (4)

respectively. Both positively charged dimers readily
decompose to give parent [Re(CO)s(bpy)Brl, the only
product detected on the IR OTTLE time scale. The
redox couple at —2.03 V is attributed2dfk to

[Re,(CO)y(bpy),] = [Re,(COY(bpy),]~  (5)

No peaks due to redox reactions of [Re(CO)s(bpy)-
(THF)] and [Rea(CO)g(bpy)e] were found in the CV of
[Re(CO)s(bpy)Cl]l. The one-electron reduction of this
complex (Table 7) was chemically reversible on the CV
time scale (i;#/i;° = 1) having thus manifested, in
accordance with the IR OTTLE experiments, higher
stability of [Re(CO)3(bpy)Cl]~ in comparison with the
Br derivative.

In the presence of PPhg, one-electron reduction of [Re-
(CO)s(a-diimine)Br] (a-diimine = bpy, i-Pr-PyCa, dapa)]
led to the stable radicals [Re(CO)s(a-diimine)(PPhs)]
(see the IR OTTLE results). In the corresponding cyclic
voltammograms, the fast follow-up conversion of the
primary reduction product [Re(CO)s(a-diimine)Br]~ to
[Re(CO)s(a-diimine(PPhs)] was again evidenced by the
appearance of small anodic peaks after switching the
scan direction behind the cathodic peak of the chemi-
cally irreversible reduction of parent [Re(CO)s(a-di-
imine)Br]. These small peaks could reasonably be
assigned to reoxidation of [Re(CO)3(a-diimine)} PPh3)]
as their E, , values agreed well with those obtained from
cyclic voltammograms of corresponding [Re(CO)s(a-
diimine)(PPh3)]* (see below, Table 7). For a-diimine =
bpy, all CV peaks of [Rex(CO)¢(bpy)2] (Table 7) disap-
peared upon addition of PPhg, in line with the spectro-
electrochemical results described in preceding sections.

The second, more negative, redox couple in the CV of
[Re(CO)s(o-diimine)Br] (a-diimine = bpy, i-Pr-PyCa,
dapa, dpp, abpy) (Table 7) was chemically irreversible
(ipa/ipc < 1), independent of a-diimine or addition of
excess PPh; into the THF solution (see Figure 5A). The
irreversibility may best be explained by attributing2d.tk
the second reduction step to

— e

[Re(CO)4(a-diimine)Br]™ =
[Re(CO),(a-diimine)Brl*~ (6)

As evidenced by the spectroelectrochemical results,
the doubly reduced complexes [Re(CO)s(a-diimine)Br}?-
are extremely labile and readily lose Br~ to give either
five-coordinated anions [Re(CO)s;(a-diimine)]~ (a-di-
imine = bpy, i-Pr-PyCa, dpp) or six-coordinated anions
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Figure 6. Cyclic voltammogram of [Re(CO)s(bpy)(Otf)].
Conditions: 10~ M solution in THF/10-! M Bu,NPFg, Pt
disk electrode, 293 K, v = 100 mV/s; * = F¢/Fct.

[Re(CO)3(abpy)L’] (L' = THF, PPh;). The remaining
anion in the series, [Re(CO)3(N,N,(N)-dapa)]l™, can be
considered as a transient case (see above). All anions
should undergo one-electron reoxidation which, how-
ever, was not clearly detectable in the cyclic voltammo-
grams of most [Re(CO)s(a-diimine)Br] studied. An
exception is the cyclic voltammogram of [Re(CO)s(abpy)-
Br] (Figure 5A) which exhibits a small, positively
shifted, anodic peak at —1.22 V which can reasonably
be assigned to the reoxidation of stable [Re(CO)s(abpy)-
(THF)]~. For, the chemically reversible redox couple
[Re(CO)3(abpyTHF)]/Re(CO)3(abpy)(THF)]~ was found
at Eyp = —1.31 V (AE, = 90 mV) in the cyclic voltam-
mogram of [Re(CO)3(abpy)(OtD] in THF (see below). The
small difference in E; 5 can be ascribed to an influence
of kinetics of the irreversible reduction of [Re(CO)s-
(abpy)Br]~, involving dissociation of Br~ from [Re(CO);-
(abpy)Br]?~ and concomitant coordination of THF.
The one-electron reduction of [Re(CO)3(abpy)Br]~ in
the presence of excess PPhs appeared to be chemically
reversible (ipa/ip. = 1 within v = 20—500 mV/s) (see B
in Figure 5B), which seemed to be in contradiction with
the above interpretation. However, the reversible redox
couple B in Figure 5B is in fact composed of two
different redox couples, [Re(CO)s(abpy)Br]/[Re(CO)s-
(abpy)Br]?~ and [Re(CO)s(abpy)(PPhs)]/[Re(CO)s(abpy)
(PPhg)]~, that accidentally coincide (see Table 7).
Both six-coordinated anions [Re(CO)s(abpy)L/']~ (L’ =
THF, PPhs) could subsequently be reduced at —2.86 V
in an electrochemically quasireversible (AE, = 130 mV
vs 90 mV for Fc/Fet and chemically reversible (i,%/i,¢ =
1 at v = 100 mV/s) one-electron step to give, according
to the IR OTTLE results (see above), the stable dianions
{[{Re(CO)s(abpy))2—+-L’}. Very weak coordination of L’
to the Re center in the dianions, as evidenced by their
very similar average CO force constants (see Table 2),
is probably responsible for the observed electrochemi-
cally quasireversible character of this reduction step.
Cyclic voltammograms of the complexes [Re(CO)s(a-
diimine)(Otf)] (a-diimine = bpy, i-Pr-PyCa, dapa and
abpy) in THF are, in general, more complex than those
of corresponding [Re(CO)s(a-diimine)Br]. They exhibit
three characteristic cathodic peaks (denoted as A, B, and
D, see Figure 6) which were accompanied, in the case
of a-diimine = bpy and i-Pr-PyCa, by a fourth cathodic
peak at —2.08 (C in Figure 6) and —1.96 V, respectively.
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The cathodic peak current, iy, of the redox couples B
and D was typically observed to be significantly lower
in comparison with i of the most positive redox couple
A (see Figure 6). This means that the cathodic peak of
the redox couple A can be assigned to one-electron
reduction of parent [Re(CO)s(a-diimine) Otf)] (see Table
7). The reduction is followed by a secondary reaction
producing a species which can successively be reduced
at more negative potentials.

The IR OTTLE experiments have demonstrated that
[Re(CO)s(a-diimine)(Otf)] (a-diimine = bpy, i-Pr-PyCa,
abpy) are converted in an electrochemically initiated
electron-transfer chain (ETC) step to the corresponding
cations [Re(CO)s(a-diimine)(THF)]*. In these cases, we
therefore attribute the redox couples B and D to

[Re(CO)y(o-diimine)(THE)]* =
[Re(CO);(0o-diimine) THF)I' (7)

and

[Re(CO), (o diimine)(THF)T =
[Re(CO)y(o-diimine)THF)~ (8)

respectively (see Table 7). A similar reaction sequence
can be applied for [Re(CO)3(N,N-dapa)(Otf)] which is
reduced at —1.29 V. On the basis of the IR OTTLE
experiments (see above), the reduction initiated trans-
formation of [Re(CO)3(N,N-dapa)(Otf)] to [Re(CO)s-
(N,N,N-dapa)]* which was subsequently reduced in two
steps to give [Re(CO)3(N,N,N-dapa)] and [Re(CO)3(V,N,
(N)-dapa)l~. These reductions were observed in the CV
of [Re(CO)3(N,N-dapa)(Otf)] as two cathodic peaks at
—1.59 V (B) and —2.16 V (D), respectively.

Comparison of the cyclic voltammograms of [Re(CO)s-
(bpy)L’] (I’ = Br™ and Otf~) revealed, in accordance with
literature data,2df* that the redox couple C in the CV
of [Re(CO)3(bpy)(Otf)] (see Figure 6) can be assigned
according to eq 5. In agreement with this assignment,
the two successive oxidations of [Reg(CO)s(bpy)z], as
described by eqs 3 and 4, were also found in the CV of
[Re(CO)3(bpy)(Otf)] at —0.51 and —0.23 V, respectively
(Figure 6). Similarly, the cathodic peak of the redox
couple C in the CV of related [Re(CO);(i-Pr-PyCa)(Otf)]
was assigned to one-electron reduction of the C—C-
coupled dimer [Reg(CO)s(C-C-i-Pr-PyCa)s] (Table 7), the
major product formed upon the reduction of the parent
complex (see above). It is important to note that the
cathodic peak C of [Rex(CO)g(C-C-i-Pr-PyCa):] was much
less developed than that of [Rex(CO)s(bpy)e]l under
identical conditions, i.e. concentration of parent [Re-
(CO)s(0-diimine)(Otf)], temperature, scan rate. This
observation is not surprising, as it is likely to assume
that the formation of [kes(CO)g(C-C-i-Pr-PyCa),] is a
slower process than the formation of the metal—metal-
bonded dimer [Res(CO)s(bpy)z].

In the presence of excess PPhj, all complexes [Re-
(CO)s(a~diimine) Otf)] (o = bpy, i-Pr-PyCa, dapa, abpy)
were thermally converted to [Re(CO)s(c-diimine)PPha)I+
prior to the CV experiments. Consequently, only two
redox couples were observed during negative CV scans
(see Table 7) which are assigned to
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[Re(CO)4(a-diimine)(PPh,)]” o
[Re(CO),(0-diimine)(PPhy)I" (9)

and

[Re(CO)4(a-diimine)(PPhg)T -
[Re(CO)4(a-diimine)(PPhg)]™ (10)

The second reduction (10) was chemically and electro-
chemically reversible only for a-diimine = abpy. This
result once more confirms the inherent stability of [Re-
(CO)s(a-diimine)(PPh3)]~ , as was revealed by the above
described IR OTTLE experiments.

Discussion

The experimental results clearly show that the nature
of the products, formed by reduction of the complexes
[Re(CO)s(a-diimine)L/]%*, is mainly determined by the
o-diimine ligand. A schematic MO diagram of the
parent complexes is presented in Figure 7.

The relative positions of the orbitals are derived from
MO calculations performed on [Mn(CO)s(bpy)L/] com-
plexes (L' = Cl-, Br~, I7).26 The HOMO consists of two
close-lying orbitals which are an antibonding Re d,—L’
p~ combination with a variable halide p, contribution.
Apart from this weak x interaction, there is a much
stronger Re—L’ o interaction, giving rise to a filled
bonding orbital and an empty antibonding orbital, which
are mainly L’ po and Re do* in character, respectively.
The LUMO is mainly a-diimine #* in character. The
energy of the 7* LUMO decreases in the order bpy >
i-Pr-PyCa > dapa > dpp > abpy, as evidenced by both
the shift of the CT band of [Re(CO)s(a-diimine)L’']%* to
higher energy (Tables 4—6) and the negative shift of the
one-electron reduction potential of these complexes
(Table 7) in the same order. The lower the energy of
the * orbital, the better the a-diimine ligand is able to
accommodate the added electron(s). The stability of the
products of the first, second, and (for abpy) third one-
electron reduction steps is strongly influenced by this
property and will be discussed in this section.

The First One-Electron Reduction Step. One-
electron reduction of the complexes [Re(CO)s(a-diimine)-
1/19* destabilizes the 7* LUMO of the a-diimine ligand,
which is expected to accommodate the unpaired elec-
tron. However, the resulting decrease of the »(CO)
frequencies by 20—30 cm™! clearly points to an increase
of the electron density also on Re and the CO ligands.
In full line with the Koopmans theorem, the relative
energies of the frontier orbitals are not considerably
changed upon reduction and the electronic effects are
delocalized over the whole complex. Only the #* SOMO
of the a-diimine ligand is slightly shifted to higher
energy, for example in comparison with the empty do*
orbital. Hence, the observed labilization of the Re—L’
bond is ascribed to profound changes in the a-diimine
nature, from a 7 acceptor in [Re(CO)s(a-diimine)L’1%*
to a rather strong o donor in the [Re(CO)s(a-diimine)-
L’T~" products. Its extent appears to increase with a
negative shift in the one-electron reduction potential of
the parent complexes which reflects a lower tendency
of a-diimine to accommodate the unpaired electron. The
most labile Re—L’ bonds can therefore be expected for
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Figure 7. Schematic MO diagram of [Re(CO);s(c--diimine)-
L’1%+, derived from MO calculations performed?é on [Mn-
(CO)s(bpy)L’] (L’ = Cl~, Br—, I").

the reduction products with the bpy and i-Pr-PyCa
ligands, especially if L’ is a negatively charged halide
or a hard Lewis base like THF.

Indeed, one-electron reduction of [Re(CO)s(o-diimine)-
L)%+ (L’ = halide, THF; a-diimine = bpy, i-Pr-PyCa)
resulted in the fast dissociation of L’ from [Re(CO)s(o-
diimine)L’]~". For a-diimine = bpy, the [Re(CO)3(bpy)}
radicals readily dimerized to give the metal—metal-
bonded complex [Res(CO)e(bpy)zl, whereas the [Re(CO)s-
(i-Pr-PyCa)l radicals reacted to give the C—C-coupled
dimer [Reg(CO)g(C-C-i-Pr-PyCa)q] as the main product,
together with a very small amount of the metal—metal-
bonded dimer [Res(CO)¢(i-Pr-PyCa)s]. Obviously, the
i-Pr-PyCa ligand in [Re(CO);(i-Pr-PyCa)] tends to ac-
commodate the unpaired electron in the a* orbital
localized mainly on the nonaromatic imine group which
exerts higher reactivity toward a C—C-coupling reaction
than an aromatic imine group.

The observed slow substitution of Br~ by THF in the
[Re(CO)3(dpp)Br]~ radical anion indicates that the Re-
Br bond is still considerably labilized. The reduction
potential of [Re(CO)3(dppXTHF)I* is expected to be more
positive than that of [Re(CO)s(dpp)Br], as observed for
the analogous bpy and i-Pr-PyCa complexes (Table 7).
Apparently, the dpp radical ligand is still a sufficiently
strong donor in the [Re(CO)3(dpp)Br]~ radical anion to
cause dissociation of the negatively charged Br~ ligand.
This reasonably explains the observed lability of
[Re(CO)s(dpp)Br]~ toward the attack of THF. The
donor power of the dpp radical anion in the product [Re-
(CO)3(dpp)THFT decreases to such an extent that the
Re—THF bond is relatively stable.

One-electron reduction of [Re(CO)s(abpy)L/1%+ (I’ =
Br~, THF) gave rise to the formation of the stable
[Re(CO)3(abpy)L’T" complexes. In this case, the rather
positive reduction potentials of the parent species
indicate that the added electron is completely localized
on the azo bond of the abpy ligand. The polarization
effect of the abpy radical on the Re—Br bond in
[Re(CO)3(abpy)Br]~ is therefore very limited and the
complex is able to withstand the attack of THF.

The same arguments can be used to explain the
experimentally observed stability of the radicals [Re-
(CO)s(o-diimine)}(PPh3)] (a-diimine = bpy, i-Pr-PyCa,
dpp, and abpy). The a2* LUMO of the a-diimine is
relatively low in energy in the parent complexes [Re-
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(CO)s(a-diimine)PPh;3]* (see Table 7), thereby making
it more able to accommodate the unpaired electron. Also,
the Re—PPh; bond is more resistent toward a cleavage
in comparision with the THF and Br~ ligands due to
the stronger & acceptor and weaker o donor character
of PPhs. Consequently, it is not surprising that, al-
though [Re(CO)s(abpy)Br]~ is stable enough to with-
stand the substitution of Br~ by THF (vide supra), the
Re—Br bond is labilized sufficiently for the substitution
of Br~ by PPhs. This experimental result is fully in
accord with the above interpretation. In this respect,
an even higher stability can be predicted for the axial
Re—CO bond in the [Re(CO)4(a-diimine)] radicals.
Recent electrochemical results on [Re(CO)4(bpy)]* seem
to support this trend.??

The increased localization of the unpaired electron on
the a-diimine should also be reflected in an increase of
the CO-stretching frequences and k&, for the [Re(CO)s-
(a-diimine)Br]~ and [Re(CO)s(a-diimine)(PPhs)] radi-
cals in the order a-diimine = bpy < i-PrPyCa < dpp <
abpy. With the exception of the complexes with the bpy
ligand, all reduced complexes indeed comply with this
expected trend (Tables 1-3).

The Second One-Electron Reduction Step. One-
electron reduction of the metal—metal-bonded dimer
[Rez(CO)s(a-diimine)e] (o-diimine = bpy, i-Pr-PyCa)
resulted in the formation of the five-coordinated anionic
[Re(CO)s(a-diimine)]~ complex. This reduction step is
localized with all probability on the a-diimine 7#* LUMO
of the dimers. As a consequence of the strong polariza-
tion effect caused by a considerable o-donor character
of coordinated bpy~ and i-Pr-PyCa™ (see above), the
Re—Re bond in [Re2(CO)g(a-diimine)o] ™ is rapidly split
upon generation of both the five-coordinated anionic [Re-
(CO)3(a-diimine)]~ and radical [Re(CO)s(a-diimine)]
complexes. The latter radical complex is readily re-
duced at the applied potential to give [Re(CO)s(a-
diimine)]~. Alternatively, the radical dimeric species
[Rex(CO)s(a-diimine)eI~ might be stable, so that a
second one-electron reduction is needed to induce the
splitting of the Re—Re bond. However, the experimen-
tal results are not in favor of the latter explanation,
since reduced [Re;(CO)g(a-diimine)s ]~ were not detected
in the course of the spectroelectrochemical experiments,
but only on the CV time scale. Similarly, it has recently
been shown that the related metal—metal-bonded com-
plexes [(CO)sMnMn(CO)s(o-diimine)] were readily split
into [Mn(CO)s]- and [Mn(CO)s(a-diimine)l upon one-
electron reduction.30

One-electron reduction of the C—C-coupled [Res(CO)e-
(C-C-i-Pr-PyCa);] dimer was also shown to produce the
five-coordinated [Re(CO)s(i-Pr-PyCa)]~ complex. The
mechanism of this reaction remains to be established.

One-electron reduction of [Re(CO)s(a-diimine)L’T (L’
= PPh;, a-diimine = bpy, i-Pr-PyCa, dpp; L' = THF,
a-diimine = dpp) also led to the formation of the five-
coordinated anionic [Re(CO)s(a-diimine)]~ complex. Ap-
parently, the donor ability of the a-diimine dianionic
ligand in [Re(CO)s(a-diimine)]™ is extremely enhanced.
It prevents even the coordination of PPh; as a weak
m-acceptor molecule, which occurs during the first one-
electron reduction step. Instead, a strong z-interaction

(29) Shaver, R. J.; Rillema, D. P. Inorg. Chem. 1992, 31, 4101.
(30) van der Graaf, T.; Hofstra, R. M. J.; Schilder, P. G. M.; Rijkhoff,
M.; Stufkens, D. J.; Oskam, A. Organometallics 1991, 10, 3668.
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may take place between the 7* HOMO of the a-diimine
dianion and the asymmetric member of the set of LUMO
orbitals of the Re(CQO)s*™ fragment, like in the isoelec-
tronic [Mn(CO)s(DBCat)]~ 22 and W(CO)s(DBCat)2~ 23
(DBCat = 3,5-di-tert-butylcatecholate) complexes. This
interaction in the five-coordinated [Re(CO)s(o.-diimine)]~
anion allows the a-diimine dianion to exert very strong
n-donor character and to increase considerably the
electron density on Re. Experimentally, this 7-delocal-
ization is evidenced by much lower »(CO) frequencies
and average CO force constants of the [Re(CO)s(a-
diimine)]~ anions in comparison with the stable six-
coordinated anions [Re(CO)s(a-diimine)L’]~ (o-diimine
= dapa, L’ = P(OMe)3, n-PrCN; a-diimine = abpy, L’ =
THF, PPh3) (Tables 1—3).

One-electron reduction of [Re(CO)s(abpy)Br]~ or {Re-
(CO)s(abpy)(THF)] produced the doubly reduced six-
coordinated [Re(CO)s(abpy)(THF)]~ complex. The six-
coordinated geometry of the latter anionic complex
indicates a relatively low donor ability of the abpy
dianion. This implies that both added electrons are
accommodated completely in the lowest 7* orbital of the
abpy ligand localized?®! on its azo bond. Such a distribu-
tion of the electron density over the abpy ligand induces
only the dissociation of the negatively charged halide,
but the Re—THF bond remains thermally stable. The
one-electron reduction of [Re(CO)s(abpy)(PPh3)T to give
[Re(CO)3(abpy)PPh3)]~ may obviously be explained in
the same way.

The Third One-Electron Reduction Step. The
third reduction step at rather negative potentials was
observed only for the abpy complexes. One-electron
reduction of [Re(CO)3(abpyXTHF)]™ or [Re(CO)s(abpy)-
(PPh3)]~ resulted in the formation of complexes with
slightly different CO-stretching frequencies. Therefore,
it was decided that {[Re(CO)s(abpy)?~«THF} and
{[Re(CO)3(abpy)]?~ * *PPhs} were formed, respectively.
The weak interaction of the donor solvent and/or phos-
pine molecule with five-coordinated [Re(CO)s(abpy)}2-
suggests that the abpy ligand can partly accommodate
even the third added electron, probably on the pyridyl
rings. Thus, only the third reduction step led in this
case to the splitting of the Re~L’ bond (I/ = THF, PPhj).
This behavior reflects the considerably increased z-do-
nor character of formally abpy3~, which corresponds to
the population of another =* orbital of much higher
energy. Noteworthy, two one-electron and one two-
electron reduction steps, localized on abpy, have recently
been reported?! for the [(Ru(bpy)g)2(u-abpy)l*t complex.
The exceptional m-acceptor ability of the bridging, easily
reducible abpy ligand has been explained by a consider-
ably low energy of its frontier #* orbitals.

The [Re(CO)3(N,N-dapa)L/] (L’ = Br—, Otf~) Com-
plexes. The energy of the 7* SOMO of the dapa ligand
in the complexes [Re(CO)3(N,N-dapa)L'1%* is compa-
rable with the energy of the ## SOMO of i{-Pr-PyCa
(Table 7). Nevertheless, no dimeric products, charac-
teristic for the i-Pr-PyCa complexes, were formed upon
one-electron reduction of [Re(CO)3(IN,N-dapa)Br]. Apart
from possible, but less important steric reasons, this is
presumably due to the ability of the third nitrogen atom
of the dapa ligand to coordinate at the open site on the
Re center, created by dissociation of Br~ from [Re(CO)s-

(31) Krejétk, M.; Zali§, S.; Klima, J.; Sykora, D.; Matheis, D.; Klein,
A.; Kaim, W. Inorg.Chem. 19983, 32, 3362.
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(N,N-dapa)Br]~. This was manifested by the one-
electron reduction of [Re(CO)3(N,N-dapa)L'1%* (I’ = Br~,
Otf~) in the presence of excess PPhs. Although in both
reactions the [Re(CO)3(N,N-dapa)(PPhs)] complex was
formed as the main product, the [Re(CO)3(N,N,N-dapa)]
complex was observed as the second, minor product. It
is obvious from these results that the third nitrogen
atom of the reduced dapa ligand can compete even with
PPh; for coordination at the open site on Re, due to
energetically convenient closure of the second chelate
bond.

In view of the above-mentioned, it is not surprising
that the one-electron reduction of the radical complexes
[Re(CO)3(N,N,N-dapa)l and [Re(CO)3(N,N-dapa)(PPh3)?
gave rise to the formation of the anionic [Re(CO)3(N,N,
(N)-dapa)]~ complex. Due to the same reasons as
already discussed for the analogous [Re(CO)s(a-di-
imine)(PPhs)] (a-diimine = bpy, i-Pr-PyCa, dpp) com-
plexes, [Re(CO)3(IV,N-dapa)(PPhs)? loses the PPhj ligand
after one-electron reduction. Like the i-Pr-PyCa dian-
ion, coordinated dapa?™ also possesses strong donor
character, which in turn makes the interaction of its
third nitrogen with the Re center in [Re(CO)3(V,N,(N)-
dapa)]~ rather weak.

One-electron reduction of [Re(CO)s(N,N-dapa)-
(P(OMe)3)]* in the presence of excess P(OMe)s produced
[Re(CO)3(IN ,N-dapa)(P(OMe)3)I. Subsequently, this com-
plex readily transformed into [Re(CO)x(N,N-dapa)-
{P(OMe)3)e]. Recently, a similar reduction-induced CO-
substitution reaction has been observed32 for [Ru(CO)(i-
Pr-DAB)(Me)(P(OMe)s)]*, which was reduced in the
presence of excess P(OMe)s to give [Ru(CO)(i-Pr-DAB)-
(Me)(P(OMe)3)2]. For both the Re and Ru complex, no
CO substitution was observed in the presence of excess
PPh;. This may be due to the stronger s-acceptor
character and smaller cone angle of P(OMe); compared
with PPhs. Nevertheless, the electron density on the
Re center strongly increases upon substitution of CO
by P(OMe)s, as displayed by the much lower k., value
of [Re(CO)o(N,N-dapa)P(OMe)s)2] (kay = 1460 Nm™1)
compared with [Re(CO)3(N,N-dapa)(P(OMe)3)] (kay =
1535 Nm™1). Therefore, it is understandable that one-
electron reduction of [Re(CO)o(N.N-dapa)}P(OMe)s)z)
leads to a dissociation of one of the P(OMe); ligands.
Noteworthy, one P(OMe); ligand still remains coordi-
nated in the anionic [Re(CO)3(N,N-dapa)(P(OMe)3)]~
product due to its significant m-acceptor character,
which can compensate for the strongly increased donor
power of dapa upon its reduction to formal dianion. The
open site on the Re center is reoccupied by CO still
present in the solution. A similar reaction has been
observed for the [Re(CO)y(DBSQ)(PPhs)s] complex, which
reacted to give [Re(CO)s(DBCat)(PPh3)]~ upon one-
electron reduction in the presence of CO.2! The reverse
substitution of P(OMe); by CO strongly decreases the
electron density in the Re d,; orbitals. This is evidenced
by the increase of k., when [Re(CO)y(N,N-dapa)-
(P(OMe)s)z] (kay = 1460 Nm™1) transforms into [Re(CO)s-
(N,N-dapa)(P(OMe)3)]~ (kay = 1490 Nm™1), despite a
second electron is added to the complex.

Summary and Conclusions

(1) The combination of cyclic voltammetry and in situ
spectroelectrochemical FTIR and UV/vis measurements

(32) Nieuwenhuis, H. A.; Hartl, F.; Stufkens, D. J. To be published.
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provided an excellent tool for the elucidation of the
reduction pathways for a series of complexes [Re(CO)s-
(0-diimine)L’1%* (a-diimine = bpy, i-Pr-PyCa, dapa, dpp,
abpy; L’ = Br~, donor solvent, PRs, P(OR)3).

(2) The stability of the Re-L’ bond in the radical
products of the first one-electron reduction, [Re(CO)s-
(a-diimine)L’T~, appeared to increase in the order bpy
< j-Pr-PyCa < dapa < dpp < abpy, i.e. with the ability
of the a-diimine ligand to accommodate the unpaired
electron in its #* LUMO, as was manifested by the less
negative reduction potentials of the parent complexes
and by the increasing CO force constants of the radical
products in the same order.

(3) The second one-electron reduction step drastically
destabilizes the coordination of the ligand L’ and leads
to the delocalized Re~—(a-diimine?™) & bonding in the
five-coordinated anions [Re(CO)s(a-diimine)]” (a-di-
imine = bpy, i-Pr-PyCa, dpp).
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(4) The six-coordinated anionic complexes [Re(CO)s-
(a-diimine)L’]” may be formed under the following cir-
cumstances: (a) a-diimine accommodates completely
both added electrons (abpy with the easily reducible azo
bond); (b) L’ is an efficient 7-acceptor ligand like P(OR),
or CO%; (¢) I/ is present in a very large excess (the
n-PrCN solvent); (d) a-diimine coordinates as a tripo-
date ligand (dapa: L'’ is then the third nitrogen atom).
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The thermolysis of CpaCra(u-SCMes)a(us-S)Re(CO)2(NO)CI; (4) either in benzene under an
atmosphere of CO (70—80 °C) or in the presence of Cog(CO)s (70 °C) was studied. In both
cases the formation of the tetranuclear cluster [CpCr(u-SCMes)q(us-S)Re(CO)}NO)]; (5) was
observed. Under a CO atmosphere 5 transformed into two main products: the known
antiferromagnetic Cp2Cra(u-SCMes)g(us-S):Re(CO(NO) cluster (2a) and the paramagnetic
CpCr(u-SCMe3)Re(CO)NO)(us-S)o(u-SCMe3)Re(CO)(NO) compound (8; Cr—Re(1) = 3.068-
(2) A, Cr=Re(2) = 3.391(2) A, Re(1)=Re(2) = 3.317(1) A, uer = 3.80 up (289—282 K)).
Carbonylation of 5 was achieved in the presence of Co(CO)s. One NO group was lost,
producing a CpCr(u-SCMe;z)Re(CO)YNO) (us-S)usz-SCMes)(u-SCMes)Re(CO); cluster (7; Cr—
Re(2) = 3.150(2) A, Cr~Re(1) = 3.668(2) A, Re(1)~Re(2) = 3.454(1) A, pexr = 3.68 up (289—
282 K)) and 2a. The oxidation of 2a by I (CHyCly, 22 °C) led to the antiferromagnetic
Cp2Cra(u-SCMes)o(us-S):Re(NO)I complex (9; Cr(1)—Re = 2.744(5) A, Cr(2)—Re = 3.034(5)
A, Cr(1)~Cr(2) = 3.139(6) A) containing three magnetically coupled metal centers (—2J(Cr—
Cr) = 70 em™!, —2J(Cr—Re).y = 302 cm™1). 9 can be reconverted into 2a through reaction
with an excess of Cox(CO)s. Compounds 6, 7, and 9 were characterized by X-ray analyses.
Crystal data: 6, space group P2i/c, a = 17.133(7) A, b = 12.294(4) A, ¢ = 11.672(5) A, B =
92.61(3)°, Z = 4, V = 2456(2) A%; 7, space group P2:/c, @ = 15.979(7) A, b = 12.065(4) A, ¢ =
16.424(7) A, B = 104.95(2)°, Z = 4, V = 3059(2) A%; 9, space group P2;, a = 9.669(4) A, b =

11.758(6) A, ¢ = 11.913(5) A, 8 = 107.56(2)°, Z = 2, V = 1291(1) A%

Introduction

Recently we have shown that remetalation processes
can be utilized for the synthesis of triangular antifer-
romagnetic clusters with CroRe! and CroW28 cores. The
reaction of the binuclear CpsCro(u-SCMej)a(u-S) complex
(1) with sources of halogen and nitrosyl-containing Re
or W fragments afforded CpaCra(u-SCMeg)z(ua-S)eM-
(NO)X clusters (2a, M(INO)X = Re(NOXCO); 2b, M(INO)X
= W(NO)g; 2¢, M(INO)X = W(NO)SCMejy); 2d, M(NO)X
= W(NO)C]). These reactions proceeded via the inter-
mediacy of short-lived heterobinuclear CpCr(x-SCMej).-
(u-S)M(NO)L,, species (3; M = Re, W), which at elevated
temperatures incorporated a CpCrS fragment (from 1)
to yield the clusters 2.172 The binuclear complexes 3
may be applied as basic blocks in subsequent cluster-
building processes. Following this idea, we now report
about the preparation of two new paramagnetic clusters
with CrRes; cores and about another CreRe cluster
containing three magnetically coupled metal centers.

® Abstract published in Advance ACS Abstracts, February 1, 1995.

(1) Eremenko, I. L.; Berke, H.; Kolobkov, B. I.; Novotortsev, V. M.
Organometallics 1994, 13, 244.
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(3) Eremenko, I. L.; Rosenberger, S.; Nefedov, S. E.; Berke, H.;
Novotortsev, V. M. Inorg. Chem., in press.

0276-7333/95/2314-11323$09.00/0

Results and Discussion

Thermolysis of the Cpa:Cra(u-SCMes)2(us-S)Re-
(NO)(CO)2Cl; Adduct under a CO Atmosphere or
in the Presence of Co02(CO)s. It was found earlier
that the thermolysis of the CpaCra(u-SCMeg)2(us-S)Re-
(NOXCO)Cly (4) adduct leads to formation of the
tetranuclear [CpCr(u-SCMes)z(us-S)Re(CONO)]; com-
plex (5) as a decarbonylated dimeric form of 8.1 For the
reincorporation of CO in 8 we tried two sources of CO:
CO gas and the Coy(CO)s complex. The reaction of 4
with CO takes place in benzene solution at 70—80 °C
with a concomitant color change. After some minutes
the intermediate formation of 5 was observed. Further
heating leads to the complete disappearance of 4 and
5. Two major products, the clusters CpaCra(u-SCMeg)a(us-
S)2Re(COXNO) (2a) and CpCr(u-SCMe3)Re(COYXNO) us-
S)a(u-SCMe3z)Re(CO)o(NO) (8), were finally formed in
approximately equal amounts (Scheme 1).

In the IR spectrum 6 shows characteristic v(CO)
(2073, 2062, 1990, and 1973 cm™!) and v(NO) (1741 and
1707 cm™1) bands. The structure of 8 was determined
by an X-ray diffraction study (Figure 1, Table 1). It
contains the CpCr(u-SCMe3)Re(CO(NO) unit (Cr(1)—Re-
(1) = 3.068(2) A, Cr(1)-SR = 2.359(3) A, Re(1)-SR =
2.435(2) A, Cp(cen)—Cr—Re = 176.8(2)°), which is also
part of 5. The Cr(1) and Re(1) centers are additionally

© 1995 American Chemical Society
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bridged by two sulfide ligands (Cr—S = 2 x 2.374(3) A,
Re(1)—S = 2.515(2) and 2.519(2) A). These two sulfur
atoms are also involved in binding to the Re(CO);(NO)
moiety (Re(2)—S = 2.484(2) and 2.499(2) A). The second
thiolate group in 6 bridges the Re(1) and Re(2) atoms
(Re(1)~S(3) = 2.443(2) A, Re(2)-5(3) = 2.491(2) A).
Judging from the bond distances there are no bonding
contacts between Re(2) and the Cr(1) and Re(2) centers
(Re(2~Cr(1) = 3.391(2) A, Re(2~Re(1) = 3.317(1) A).

In the presence of Co2(CO)g the thermolysis of 4 takes
a course similar to the reaction under a CO atmosphere.
At 70-80 °C in benzene evolution of CO and formation
of 5 are observed. After 10—15 min the starting
materials and 5 have disappeared and 2a and a CpCr-
(u-SCMe3)Re(CONNO)(usz-S)us-SCMes)(u-SCMes)Re-

Figure 1. Molecular structure of CpCr{u-SCMes)Re(CO)-
(NO)(u3-8)2(u-SCMe3)Re(CO)3(NO) (6).

(CO)3 compound (7) are formed as the main components
of the reaction mixture (Scheme 1). The IR spectrum
of 7 exhibits v(CO) (2010, 1964, 1952, 1908 and 1882
cm™!) and »(NO) (1716 cm™!) bands. The structure of
this molecule was also established by single-crystal
X-ray diffraction (Figure 2, Table 2). 7 contains, like
5! and 6, the heterobmuclear CpCr(u-SCMe3z)Re(CO)-
(NO) unit (Cr(1)-Re(2) = 3.150(2) A, Cr(1)~S(3) =
2.369(4) A, Re(2)-S(3) = 2.442(3) A) bearing a practi-
cally linear Cp(cen)—Cr—Re arrangement (178.3(2)°). 7
has two other bridges: one thiolate (Cr—S = 2.399(3)
A, Re(2)—8 =2.501(3) A) and one sulfide (Cr—S = 2.360-
(3) A, Re(2)—S = 2.504(3) A), which connect to the Re-
(CO)s fragment (Re(1)—SR 2.556(3) A, Re(2)—S = 2.517-
(8) A, Re(1)=Cr(1) = 3.668(2) A). In addition a third
SCMe; bridge holds the rhenium atoms in 7 together
(Re(1)~S = 2.516(3) A, Re(2)—S = 2.432(3) &, Re(1)~Re-
(2) = 3.454(1) A).

Table 1. Selected Bond Lengths (A) and Bond Angles (deg)

for 6
Re(1)—Cr(1) 3.068(2) Re(1)—S8(1) 2.515(2)
Re(1)—S(2) 2.435(2) Re(1)—S(3) 2.443(2)
Re(1)—S(4) 2.519(3) Re(1)—N(1) 1.767(8)
Re(1H)—C(1) 1.918(9) Re(2)—S(1) 2.484(2)
Re(2)—S(3) 2.491(2) Re(2)—S(4) 2.499(2)
Re(2)—N(2) 1.839(9) Re(2)~-C(2) 1.974(10)
Re(2)—C(3) 1.945(10) Cr(1)—S(1) 2.374(3)
Cr(1)—S(2) 2.359(3) Cr(1)—-S(4) 2.374(3)
N(1)—-0(1) 1.199(11) N2)—0(2) 1.162(13)
C(1)-0(1) 1.163(12) C(2)—0(2) 1.127(14)
C(3)—0(3) 1.150(13)
S(1)—Re(1)—-S(2) 86.9(1) Re(1)—S(4)—Cr(1) 77.6(1)
S(2)—Re(1)—S(3) 158.4(1) S(1)—Re(1)—S(4) 77.6(1)
S(1)—Re(1)—S(4) 80.2(1) S(3)—Re(1)—S4) 78.5(1)
S(1)—Re(2)—S(3) 84.6(1) S(2)—Cr(1)—S(4) 84.8(1)
S(3)—Re(2)—S(4) 78.0(1) Re(1)—S(1)—Re(2) 83.1(1)
S(1)~-Cr(1)—S4) 83.3(1) Re(1)—S(2)—Cr(1) 79.6(1)
Re(1)—S(1)—Cr(1) 77.7(1) Re(1)—S(4)—Re(2) 82.8(1)
Re(2)—S(1)~Cr(1) 88.5(1) Re(2)—S(4)—Cr(1) 88.2(1)
Re(1)—S(3)—Re(2) 84.5(1)
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ch2)
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Figure 2. Perspective view of the molecular structure of
CpCr(u-SCMe;)Re(COYNO)(ua-S)(uz-SCMes)(u-SCMesz)Re-
(COY3 (D).

Table 2. Selected Bond Lengths (A) and Bond Angles (deg)

for 7
Re(1)—S(1) 2.556(3) Re(1)—S(2) 2.516(3)
Re(1)—S(4) 2.517(3) Re(1)—C(1) 1.943(15)
Re(1)—C(2) 1.960(11) Re(1)—C(3) 1.896(15)
Re(2)—Cr(1) 3.150(2) Re(2)~S(1) 2.504(3)
Re(2)—S(2) 2.432(3) Re(2)—S(3) 2.442(3)
Re(2)—S(4) 2.501(3) Re(2)—N(1) 1.775(10)
Re(2)—C(4) 1.908(15) Cr(1)—S8(1) 2.360(3)
Cr(1)—S8(3) 2.369(4) Cr(1)—S(4) 2.399(3)
N(1)=-0(5) 1.195(16) C(1)—0(1) 1.111(19)
C(2)—0(2) 1.150(16) C(3)~0(3) 1.145(21)
C4)—0®) 1.176(18)
S(1)—Re(1)—S(2) 81.6(1) S(1)—Re(1)—S(4) 70.8(1)
S(2)—Re(1)—S4) 76.8(1) S(1)~Re(2)—S(2) 84.3(1)
S(1)—-Re(2)~S(3) 86.1(1) S(1)=~Re(2)—S(4) 71.9(1)
S(2)=Re(1)—S(3) 159.9(1) S(2)—Re(2)—S(4) 78.7(1)
S(3)—Re(2)—S(4) 81.6(1) S(1)—Cr(1)—S(3) 91.1(1)
S(H—Cr(1)—S(4) 76.2(1) S(3)—Cr(1)—S4) 85.3(1)
Re(1)—-S(1)—Re(2) 86.1(1) Re(1)—S(1)~Cr(1) 96.4(1)
Re(2)—S(1)—Cr(1) 80.7(1) Re(1)—S(2)—Re(2) 88.5(1)
Re(2)—-S(3)—Cr(1) 81.8(1) Re(1)—S(4)—Re(2) 87.0(1)
Re(2)—-5(4)—Cr(1) 96.5(1) Re(2)-S(4)—Cr(1) 80.0(1)

It has been mentioned earlier that the primary
intermediate of reactions of 4 under CO or in the
presence of Coa(CO)s is the cluster 5. Further carbo-
nylation of it then takes place, causing rupture of one
of the binuclear Cr,Re fragments. The intermediate 8
and a CpCrS unit are generated (Scheme 2). 8 stabilizes
itself with elimination of a SRy moiety to yield the
cluster 6. The released CpCrS unit attacks another
molecule of 5, forming 2a with a CroRe core. The same
step sequence was observed when 2a was formed from
the reaction of 5 with 1.1 It has been reported earlier
that Co2(CO)s can act as a carbonylating agent at
elevated temperatures.* Thus, 8 might also appear as
a reactive intermediate in this case. However, the
presence of coordinatively unsaturated Co-containing
fragments might then induce ligand exchange between
one NO group and one terminal SR ligand from the
peripherical Re center in 8. Uptake of a CO group at
this atom completes the Re(CO)s moiety, which is
additionally coordinated by one of the SR bridges of the

(4) See for example: Pasynskii, A. A.; Eremenko, 1. L.; Nefedov, S.
E.; Yanovsky, A. A.; Struchkov, Yu. T.; Shaposhnikova, A. D.; Stad-
nichenko, R. A. Russ. J. Inorg.Chem. (Engl. Transl.) 1998, 38, 423.
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heterobinuclear Cr,Re unit. The formal replacement of
one three-electron NO donor at the Re center in 6 with
the two-electron-donor CO ligand in 7 makes it neces-
sary to count the tridentate SR bridge in 7 as a five-
electron ligand. Instead, the sulfide atom in 6 has to
act as a four-electron donor.

The paramagnetism of both compounds is caused by
the presence of a Cr(III) atom containing three unpaired
electrons. The effective magnetic moments of 6 (3.80
ugp) and of 7 (3.68 ug) are close to the pure spin-only
value and are not dependent on temperature (289—282
K). From the presence of half-occupied orbitals at the
Cr and from the 18-electron configuration at the Re
centers in the linear CpCrRe units of 5—7 follows a
3-electron and therefore half-order bond between the Cr
and the Re atom. An analogous electron count is given
for one of the isomers of 2a.8 For the formation of a
single Re—Cr bond it would be necessary to remove one
electron from the CroRe core, which could principally
be achieved by oxidation of the Re(I) center in 2a.

Formation of the Cp2Cra:(u-SCMes)a(us-S)z2Re-
(NO)I Cluster. The oxidation was attempted by the
reaction of the CpeCra(u-SCMes)a(u3-S):Re(NO)CO) clus-
ter (2a) with various sources of atomic selenium such
as Seg (powder) in THF or in CH2Cly (20—65 °C) or
KNCSe in THF/EtOH solution (20—70 °C); these at-
tempts, however, were not successful. The oxidation of
2a was then accomplished at room temperature in CHos-
Cl; with Is. A single soluble product, the antiferromag-
netic CpoCra(u-SCMes)a(us-S)eRe(NO)I cluster (9) was
formed (ues/Cr at = 1.40 (284 K)-1.043 (111 K) up)
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Figure 3. Plot of the theoretical and experimental tem-
perature dependence of the magnetic moment s for 9.
Scheme 3
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(Figure 3) (Scheme 3). 9 cannot be further oxidized to
a corresponding cation with excess I or with TCNQ.
The reduction of 9 by Cos(CO)s leads to a practically
quantitative yield of 2a. This reaction is accompanied
by the formation of CoiCO)1s.

The IR spectrum (2100—1500 cm™!) of 9 showed only
one »(NO) (1687 em™!) band. The single-crystal X-ray
investigation of 9 confirmed that it had the same Crs-
Re core as 2a (Figure 4, Table 3). However there is one
electron less at the 17-electron Re center in 9, since a
CO group is replaced by an I atom (Re—1 = 2.764(3) A,
Re—N = 1.901(21) A). This leads to a dramatic struc-
tural distortion of the metal triangle. In 9 one Re—Cr
bond (3.034(5) A) is long and close to the value of 2a (2
x 3.080(2) A in the isomer with half-order Re—Cr
bonds;3 2 x 2.940(5) A in the other isomer of 2al). The
second Re—Cr distance in 9 is short (2.744(5) A) and
represents a single bond. There is a significant elonga-
tion of the Cr—Cr separation (3.139(6) il)l in 9 compared
with the related distances in 2a (3.002(4) and 3.010(6)
Al in both isomers). The spin—spin exchange energies
between the Cr(III) centers of the magnetic CpCrgSs
system in 2a (—2J(Cr—Cr) = 231 cm™!) and in 9
(—2J(Cr—Cr) = 70 cm™!) therefore strongly differ. The
latter value (below 100 cm™) is typical for binuclear
Cp2X2Cr!ll; species with two bridges and a bent geom-
etry without Cr—Cr interaction. For example, the Cps-
Cra(OCMes)2(u-OCMes)e complex has a —2J value of 70
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Figure 4. Perspective view of the molecular structure of

Cp2Cra(u-SCMe3)a(us-S):Re(NO)I (9).
Table 3. Selected Bond Lengths (A) and Bond Angles (deg)

for 9
Re(1)—I(1) 2.764(3) Re(1)—Cr(1) 2.744(5)
Re(1)—Cr(2) 3.034(5) Re(1)—S(1) 2.474(9)
Re(1)—S(2) 2.433(9) Re(1)—S(3) 2.380(8)
Re(1)—S(4) 2.462(7) Re(1)—N(1) 1.901(21)
Cr(1)~-S(1) 2.314(12) Cr(1)-S(2) 2.301(11)
Cr(1)—S8(3) 2.364(9) Cr(2)—-S(1) 2.351(11)
Cr(2)—S(2) 2.293(10) Cr(2)—S4) 2.399(10)
N(1)—0(2) 1.011(34)
I(1)—Re(1)—S(1) 95.1(2) I(1)—Re(1)—S(2) 168.3(2)

I(1)—Re(1)—S8(3) 50.2(2)
I(1)—Re(1)—N(1) 93.5(7)
S(1)—Re(1)—S(3) 78.3(3)
S(2)—Re(1)-S(3) 100.0(3)
S(3)—Re(1)—S(4) 158.6(3)
Re(1)—-S8(1)—Cr(1) 69.8(3)
Cr(1)—S(1)—Cr(2) 84.6(4)
Re(1)—S(2)—Cr(2) 79.8(3)
Re(1)—-S(3)—Cr(1) 70.7(2)
Re(1)—N(1)-0(1) 157.5(26)

I(1)~Re(1)—S(4) 85.2(2)
S(1)~Re(1)—S(2) 81.5(3)
S(1)=Re(1)=S(4) 81.2(3)
S(2)~Re(1)—S(4) 83.2(3)
S(1)-Re()-N(1)  170.9(8)
Re()-S(D-Cr2)  77.93)
Re(1)-S(2)-Cr(1)  70.8(3)
Cr(1)-S(2)-Cr(2)  86.2(3)
Re(D-S(4)—Cr2)  77.2(3)

em~1.5 It was shown in a theoretical study and from
investigations of the structure and magnetic properties
of chromium alkoxide compounds® that there is no
overlap between the semioccupied orbitals of the chro-
mium atoms. The Cp2Cre moiety in 9 adopts a bent
structure (Cp(cen)—Cr(1)—Cr(2) = 120.2(5)°, Cp(cen)—
Cr(2)—Cr(1) = 130.3(5)°); however, the Cp(cen)~Cr—Re
arrangements are almost linear (Cp(cen)—Cr(1)—Re =

- 177.3(3)°, Cp(cen)—Cr(2)—Re = 175.9(3)°). The Re(II)

center carries one unpaired electron. An average
—2J(Re—Cr) value (302 em™!) was calculated by the
Heisenberg—Dirac—Van Vleck (HDVV) model® for a
side-equal triangle.” This value, however, does not
realistically describe the magnetic behavior of a strongly
distorted structure with quite different Re—Cr bonds
(spin—spin exchange by a direct mechanism). In cases
of a strong asymmetry, as in 9, there are as yet no
models for the proper theoretical treatment. It is hoped
that this simulation problem can be solved in the future

(5) Nefedov, S. E.; Pasynskii, A. A.; Eremenko, I. L.; Orazsakhatov,
B.; Novotortsev, V. M.; Ellert, O. G.; Shestakov, A. F.; Yanovsky, A. L;
Struchkov, Yu. T. J. Organomet. Chem. 1990, 384, 279.

(6) Van Vleck, J. H. The Theory of Electronic and Magnetic
Susceptibilities; Oxford University Press: London, 1932.

(7) In this case the spin Hamiltonian takes the form H = —2J,8:S;
~— 2J2(S183 + S283) + gBH(S1z + S2z) , where J; and J; are the isotropic
exchange parameters, g is the isotropic g factor, and S values are the
spins of the exchange-coupled metal atoms (S; = Sy = 3/2, S5 = 1/2).
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Table 4. Data Collection and Processing Parameters of 6, 7, and 9

compd 6

formula C16H23CIN205R8254

mol wt 876.0

color and habit brown prism

space group P2\/c

a A 17.133(7)

b, A 12.294(4)

¢, A 11.672(5)

B, deg 92.61(3)

v, A3 2456(2)

V4 4

Qcaleds g €3 2.369

abs coeff, cm™! 107.51

cryst size, mm 0.32 x 0.25 x 0.25

scan type =20

scan speed, deg min™! variable; 2.00—14.65

scan width 1.60

collen range +h,+k,+I

26 range, deg 3-52

no. of unique data 4669

no. of rfl vs obsd (F = 40(F)) 3880

no. of variables 271

weighting scheme w™l = g2(F) + 0.0050F?2
0.032

Ry 0.057

residual extrema in final diff map, e A~3 +0.95to0 —1.15

Table 5. Atomic Coordinates (x10%) and Equivalent
Isotropic Displacement Coefficients (A2 x 103) for 6

7 9
C,1H3:CrNOsRe2S4 CigH23Cr,INOReS,
931.1 819.8

green-brown prism brown prism

P2i/c P2

15.979(7) 9.669(4)

12.065(4) 11.758(5)
16.424(7) 11.913(5)
104.95(2) 107.56(2)

3059(2) 1291(1)

4 2

2.022 2.108

85.45 70.31

0.30 x 0.35 x 0.20 0.35 x 0.25 x 0.05
w—20 w—206

variable; 2.02—14.65 variable; 1.50—14.65
1.60 1.80

+h,t+k, A1 +h,+k,+1

4-52 3-52

6039 2677

3567 1683

307 252

w™l = gX(F) + 0.0100F2 w~l = gX(F) + 0.0100F>
0.041 0.058

0.059 0.077

+1.79t0 —1.67 +1.72to —1.59

Table 6. Atomic Coordinates (x10% and equivalent
isotropic displacement coefficients (A2 x 10°) for 7

atom X y z Uleq)® atom X y b4 Uleq)®
Re(1) 1921(1) 452(1) 971(1) 21(1) Re(l) 2514(1) 1467(1) 769(1) 42(1)
Re(2) 3706(1) —148(1) 1997(1) 29(1) Re(2) 2695(1) —1377(1) 641(1) 36(1)
Cr(1) 3056(1) 2373(1) 1261(1) 22(1) Cr(1) 1380(1) ~654(2) 1677(1) 40(1)
S(1) 2708(1) 1123(2) 2701(2) 23(1) S(4) 2848(2) —62(2) 1847(2) 34(1)
S(2) 1784(1) 2351(2) 402(2) 23(1) S(2) 3445(2) 165(2) 185(2) 43(1)
S(3) 2563(1) —1289(2) 1374(2) 29(1) $(3) 1901(2) —2440(2) 1462(2) 41(D)
S(4) 3245(1) 768(2) 178(2) 28(1) S(h 1417(2) —99(2) 309(2) 35(1)
o) 523(5) 233(6) 2524(7) 44(3) o) 1826(8) 3002(10) —733(8) 97(5)
0(2) 953(6) —422(6) —986(7) 55(3) 02) 1411(7) 2929(8) 1655(7) 80(5)
o3 4643(5) —1790(8) 586(8) 65(3) 0(3) 4015(10) 3060(12) 1403(11) 147(8)
04 5194(5) 1024(7) 2651(9) 68(3) o) 2024(8) —2512(10) ~1087(7) 95(5)
0(5) 3981(5) —1264(7) 4357(7) 55(3) 0(5) 4212(8) —2885(10) 1107(10) 108(6)
N(1) 1372(5) —70(6) -223(7) 30(2) N(D 3618(7) —2253(9) 905(8) 56(4)
NQ) 4600(6) 626(7) 2373(9) 45(3) c) 2088(10) 2426(12) —200(10) 68(6)
C(D) 1049(5) 331(7) 1936(8) 28(3) C(2) 1839(6) 2381(8) 1354(6) 31(3)
c®@ 4303(6) —1220(8) 1132(9) 38(3) Cc(3) 3438(11) 2477(12) 1167(11) 78(7)
C(3) 3862(5) —868(8) 3474(8) 33(3) C(4) 2266(9) -2080(13) —426(9) 66(6)
can 3895(6) 3358(8) 2362(8) 33(3) c(n 10(8) ~706(14) 1751(8) 62(5)
C(12) 3243(6) 4034(8) 2037(9) 39(3) C(12) 534(10) —1141(14) 2507(9) 70(6)
C(13) 3259(6) 4126(7) 806(8) 29(3) C(13) 1089(9) ~306(14) 2928(8) 59(5)
Cc(14) 3894(6) 3503(8) 408(9) 38(3) C(14) 921(9) 625(12) 2432(8) 59(5)
C(15) 4277(6) 3033(7) 1395(8) 34(3) C(15) 246(9) 400(13) 1739(8) 60(5)
c@21) 1012(6) 3181(7) 1102(8) 32(3) c@2n 3381(9) 273(12) -961(9) 61(5)
C(22) 1086(6) 3079(8) 2407(8) 36(3) C(22) 3832(11) —735(14) —1183(10) 83(7)
C(23) 1156(7) 4355(8) 768(9) 39(3) C(23) 3858(12) 1317(12) —1067(11) 85(8)
C(24) 240(6) 2803(9) 594(9) 40(3) C(24) 2442(10) 280(15) —1503(10) 83(7)
c@3n 2117(7) —2221(7) 2456(8) 38(3) Cc(31) 1101(9) —3469(10) 843(9) 56(5)
C(32) 2710(8) —3158(9) 2632(12) 62(5) C(32) 594(10) —3921(14) 1463(10) 78(7)
C(33) 1341(8) —2580(9) 1883(9) 50(4) C(33) 440(10) —2932(14) 76(9) 73(6)
C(34) 1991(6) —~1657(7) 3618(8) 34(3) C(34) 1630(11) —-4386(11) 592(10) 777
4 Equivalent isotropic U, defined as one-third of the trace of the ggiég ggg?g;) %282; ggéggg) g;gg
orthogonalized Uy tensor. C(43) 3780(10) —1260(13) 3191(10) 81(7)
C(44) 4606(9) 75(12) 2533(10) 71(6)

by an appropriate adjustment of the avaliable standard
program package.®

Conclusion

Heating of 4 in the presence of CO gas or Coa(CO)s
led to the cluster 5 with a CreRes core. The same
product was observed when 4 was heated under Na.!
The subsequent uptake of the soft CO ligand at one of

(8) Rakitin, Yu. V.; Novotortsev, V. M.; Kalinnikov, V. T.; Pasynskii,
A. A,; Larin, G. M.; Philatov, A. V.; Idrisov, T. C. Koord. Khim. 1977,
3, 807.

9 Equivalent isotropic U, defined as one-third of the trace of the
orthogonalized Uj; tensor.

the Re(I) centers of 5§ initiated a breakdown of the Cro-
Re; core into two clusters, 2a and 6 (CO atmosphere)
or 7 (Cog(CO)g), with CreRe and CrRe; cores, respec-
tively. The presence of an unsaturated Co-containing
fragment also induced NO/CO exchange between a Co
and a Re center with formation of a Re(CO); unit in 7,
instead of a Re(CO)o(NO) moiety in 8. The difference
of one electron between these units is compensated for
by the presence of a tridentate SR group (five electrons)



Triangular Clusters with CrRe; and CrsRe Cores

Table 7. Atomic Coordinates (x10%) and Equivalent
Isotropic Displacement Coefficients (Az x 10°) for 9

atom x y 4 Uleq)®
Re(1) 3531(1) 9521 6713(1) 31(1)
(1) 1772(2) 7840(2) 7166(2) 51(1)
Cr(1) 5539(4) 9545(6) 5506(3) 38(1)
Cr(2) 6637(5) 9848(5) 8251(5) 50(2)
S(1) 5686(10) 8286(8) 7031(9) 50(2)
S(2) 5318(9) 10987(7) 6746(8) 43(2)
S(3) 3180(9) 8768(7) 4793(7) 43(2)
S4) 4503(8) 9686(9) 8870(6) 45(2)
o) 1323(23) 11201(19) 6492(26) 131(2)
N(D) 2025(22) 10626(18) 6342(21) 46(2)
C(l) 1815(26) 9553(29) 3552(22) 64(2)
C(2) 1983(30) 9058(29) 2447(22) 89(3)
C(3) 2062(28) 10807(25) 3508(26) 76(3)
C(4) 320(25) 9223(27) 3748(24) 77(2)
C(5) 3909(28) 10988(25) 9532(25) 73(2)
C(6) 2374(29) 10777(29) 9349(28) 94(3)
C(T) 4145(30) 12086(26) 8973(30) 95(3)
C(8) 4915(35) 10886(33) 10886(26) 172(3)
C(11) 6003(30) 9228(32) 3844(24) 130(2)
C(12) 6270(30) 10383(28) 4010(29) 113(2)
C(13) 7431(32) 10406(27) 5237(24) 111(2)
C(14) 7778(32) 9350(27) 5371(27) 107(3)
C(15) 6832(31) 8619(26) 4595(24) 73(2)
C(21) 8717(28) 10718(32) 8575(29) 134(3)
C(22) 8167(33) 10922(34) 9490(29) 191(3)
C(23) 8107(28) 10204(32) 10178(23) 117(2)
C(24) 8476(31) 9170(30) 9564(26) 109(3)
C(25) 9040(24) 9394(27) 8631(25) 75(2)

2 Equivalent isotropic U, defined as one-third of the trace of the
orthogonalized Uj; tensor.

in 7, in comparison with the us-sulfide bridge (four
electrons) in 6. 6 and 7 are the first cluster derivatives
with the heterobinuclear CpCr(u-SCMe),(u-S),.Re(CO)-
(NO) “block” displaying a Cr—Re bond order of half. For
the triangular antiferromagnetic cluster 9 the presence
of a single Cr—Re bond is suggested. In this molecule
there are three coupled metal centers: two Cr(III) atoms
and one Re(II) atom; the latter results from the removal
of one electron from the Re(I) center in 2a by oxidation.

Experimental Section

General Comments. All operations, including the syn-
theses of the starting compounds, were carried out under dry
oxygen-free nitrogen by standard Schlenk techniques. Ben-
zene and THF were purfied by distillation from sodium/
benzophenone ketyl. Hexane and heptane were dried by
boiling over sodium. Dichloromethane (CH;Cly) was purified
by double distillation from P2Os. Thin-layer chromatography
(TLC) (Merck, 5 x 7.5 cm, Kieselgel 60 Fz54) was used to
monitor the progress of the reaction. Column chromatography
was applied to separate the reaction mixtures (Kieselgel 60,
Merck, 70—230 mesh ASTM). The starting compounds 2a, 4,
and 5 were prepared as described earlier.! Infrared spectra
were recorded on a Bio-Rad FTS-45 spectrometer in KBr
pellets. Mass spectra (EI or FAB) were measured on a
Finnigan MAT 8320 (70 eV). The temperature dependence of
the magnetic susceptibilities (ym) of the compounds 6, 7, and
9 were determined by the Faraday technique in the range
296—277 K, using an instrument devised in the Institute of
General and Inorganic Chemistry of the Russian Academy of
Sciences.?

Thermolysis of Cp2Cra(u-SCMes);(u3-S)Re(CO):(NO)Cl,
(4) under a CO Atmosphere. A black solution of 4 (500 mg,
0.63 mmol) was stirred in benzene (50 mL) at 70—80 °C, and
a permanent stream of CO was bubbled through the solution.

(9) Novotortsev, V. M. Ph.D. Thesis, Institute of General and
Inorganic Chemistry Moscow, 1974.
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After 10—15 min the formation of the [CpCr(u-SCMeg)a(us-S)-
Re(CO(NO)]; cluster (5) was observed (IR and TLC monitor-
ing), and after 4 h the reaction was finished. The color of the
solution had changed from black to brown-green. TLC indi-
cated the absence of 4 and 5 and the presence of a new brown-
green band together with 2a as major products. These
compounds were separated by column chromatography into
two fractions (6 x 30 cm, silica gel).

(I) A brown-green solution in benzene (70 mlL), after
concentration to 10 mL and cooling to 10 °C, afforded brown
prismatic crystals of CpCr(u-SCMe3)Re(CO}NO ) us-S)au-
SCMe3)Re(CO)(NO) (6; 80 mg, 0.091 mmol, 43.5%). Anal.
Calcd for CpCr(SCMe3)2(S):Rex(CO)3(NO)e: C, 21.92; H, 2.63;
N, 3.20. Found: C, 22.02; H, 2.68; N, 3.07. MS(FAB; m/z):
876, CpCr(SCMes)s(S)zRex(CO)s(NO)z. IR (v, cm™): 3113 (w),
2966 (m), 2924 (m), 2895 (m), 2859 (w), 2073 (s), 2062 (vs),
1990 (vs), 1973 (vs), 1741 (s), 1707 (vs), 1465 (w), 1453 (m),
1431 (m), 1384 (w), 1363 (m), 1156 (m), 1057 (w), 1018 (m),
1005 (w), 844 (w), 812 (m), 667 (w), 602 (w), 593 (m), 548 (m),
539 (m), 481 (m). uer (289—282 K) = 3.80 us.

(II) A green solution in CH.Cl; (50 mL), after addition of
heptane (15 mL), concentration to 20 mL, and cooling (—30
°C), gave green plates of 2a (55 mg, 0.076 mmol, 36.3%).

Thermolysis of 4 in the Presence of Cox(CO)s. A black-
brown solution of 4 (500 mg, 0.63 mmol) and Cox(CO)s (200
mg, 0.58 mmol) in benzene (50 mL) was stirred at 70 °C. After
10 min formation of 5 was observed (TLC monitoring).
Further heating of the reaction mixture for 2.5 h led to a
brown-green solution. TLC (benzene/CHyCly) assured the
absence of 4 and 5. The newly formed products were separated
by column chromatography (5 x 30 cm, silica gel) with
evolution of two main bands.

(I) A brown-green solution in benzene (50 mL), after addition
of heptane (10 mL) and concentration to 10 mL, afforded green-
brown prisms of CpCr(u-SCMe3)Re(COYNO ) u3-S)(us-SCMes)-
(u-SCMe3)Re(CO)3 (7; 92 mg, 0.099 mmol, 47.1%). Anal. Caled
for CpCr(SCMes)3(S)Rex(CO)(NO): C, 27.07; H, 3.44; N, 1.50.
Found: C, 26.88; H, 3.57; N, 1.65. MS (EI; m/z): 931, CpCr-
(SCMes)s(S)Rex(CO)(NO); 903, CpCr(SCMes)s(S)Rex(CO)(NO);
846, CpCr(SCMe;3)2(S):Rea(CO)3(NO); 789, CpCr(SCMes)(S)s-
Rex(CO)3(NO); 761, CpCr(SCMe;3)(S)sRex(CO)(NO); 733, CpCr-
(SCMej3)(S)3Rex(COXNO); 705, CpCr(SCMes)(S)sRex(NO); 703,
CpCr(SCMe;3)(S)sRex(CO); 675, CpCr(SCMes)(S)sRey; 6486,
CpCr(S)sRex(NO); 616, CpCr(S),Rep; 551, CrResSs. IR (v,
em~1): 3101 (w), 2975 (m), 2959 (m), 2917 (m), 2889 (m), 2855
(w), 2010 (vs), 1964 (s), 1952 (vs), 1908 (s), 1882 (vs), 1716
(vs), 1455 (m), 1387 (w), 1364 (m), 1156 (m), 1062 (w), 1015
{m), 1008 (w), 819 (m), 636 (m), 617 (m), 580 (w), 545 (w), 524
(m), 516 (w), 493 (W), 483 (W). . (289—282 K) = 3.68 us.

(II) A green solution in CH2Cl, (45 mL), after concentration
to 8—10 mL and cooling (—30 °C), yielded deep green plates
of 2a (50 mg, 0.069 mmol, 33%).

Reaction of Cp:Cra(u-SCMeg)z(u3-S):Re(CO)(NO) (2a)
with Io. A green-brown solution of 2a (350 mg, 0.485 mmol)
and Ip (65 mg, 0.256 mmol) in CH2Cl; (30 mL) was stirred at
room temperature for 30 min until the formation of a dark
brown solution was observed. TLC indicated the presence of
a single brown band. It was separated by column chromatog-
raphy (56 x 30 cm, silica gel, CH2Cly). The solution (35 mL)
was concentrated to 8—10 mL and after cooling to —30 °C gave
brown needle-shaped crystals of CpyCro(u-SCMes)o(u3-S)oRe-
(NO)I (9) (260 mg, 0.317 mmol, 65.4%). Anal. Caled for Cps-
Cra(SCMes)2(S)Re(CO): C, 26.34; H, 3.41; N, 1.71. Found:
C, 26.52; H, 3.44; N, 1.72. MS (EI or FAB; m/z): 820, Cpz-
Cr2(SCMey)2(S):Re(NO)I; 636, CpaCro(SCMes)(S)sRe(NO); 579,
Cp2Cra(S)sRe(NO); 549, CpoCra(S)iRe; 484, CpCra(S).Re; 419,
CreReSy. IR (v, cm™1): 3102 (w), 3063 (w), 2967 (m), 2954 (m),
2911 (m), 2884 (m), 2846 (m), 1687 (vs), 1466 (w), 1443 (m),
1432 (m), 1389 (w), 1362 (m), 1153 (m), 1069 (w), 1012 (m),
833 (w), 817 (m), 806 (m), 667 (w), 592 (w), 474 (W). ue/Cr
atom = 1.40 (284 K)—1.043 (111 K) us.
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Reaction of 9 with Co2(CO)s. A brown solution of 9 (100
mg, 0.122 mmol) and Cox(CO)s (60 mg, 0.175 mmol) was stirred
at 50—60 °C for 2 h. TLC indicated the presence of Co4(CO);2
and 2a and the absence of 9. The black precipitate, which
displayed no v(CO) and »(NO) bands in the IR spectrum, was
filtered off from the green-brown solution. The filtrate was
chromatographed on silica gel (5 x 30 cm, benzene). Yield of
Co4(CO)2: 15 mg, 0.028 mmol, 31.5%. Yield of 2a: 85 mg,
0.118 mmol, 96%.

Crystal Structure Determination. The crystals of 6, 7,
and 9 were mounted in air on glass fibers using 5 min epoxy
resin. The unit cell parameters were determined and refined
from 24 equivalent reflections with 20 > 22—24° obtained by
a Nicolet R3 (T'= 22 °C, for 7 and 9) or a Siemens R3/m (T' =
—80 °C, for 6) four-circle diffractometer. Intensity data (Mo
Ka, 2 = 0.710 73 A) were corrected for Lorentz and polarization
effects. Backgrounds were scanned for 25% (for 7 and 9) and
12.5% (for 6) of the peak widths on each end of the scans. Three
reflections were monitored for crystal decomposition or move-
ment. No significant variations in these standards were
observed, and therefore no correction was applied. Details of
the crystal parameters, the data collection, and structure
refinement are given in Table 4.

All structures were solved by direct methods to locate the
transition metals and sulfur atoms. The other non-hydrogen
atoms were found in difference Fourier maps. The DIFABS
method!? was used for the absorption correction of all clusters
at the stage of the isotropic approximation. An anisotropic

Eremenko et al.

refinement was applied to all non-hydrogen atoms. The H
atoms in all structures were generated geometrically (C—H
bonds fixed at 0.96 A), and all H atoms were assigned the same
isotropic temperature factor of U = 0.08 A2, Computations
were performed using the SHELXTL PLUS program package!!
on a VAXstation 3100 (for 6) or on a 486 IBM PC (for 7 and 9)
computer. Selected bond lengths and bond angles are given
in Tables 1-3, and positional and equivalent isotropic thermal
parameters are listed in Tables 5~7. Additional information
is available as supplementary material.
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Chromium and Molybdenum Carbonyl Complexes of
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The Diels—Alder reaction of tetraphenylcyclopentadienone (tetracyclone) with triphenyl-
cyclopropene yields the adduct 2 with an endo hydrogen at C(7); thermal elimination of CO
produces heptaphenylcycloheptatriene (1a). This initially formed isomer with a pseudo-
equatorial phenyl substituent at the sp? position is sterically hindered and undergoes a
conformational flip, forming 1b, which allows the phenyl group to occupy the favored pseudo-
axial site. However, the remaining phenyls are sterically encumbered and slowed rotation
of these rings can be monitored by 'H and 3C NMR spectroscopy. The intermediacy of
conformer 1a is shown by the formation of isomers of C;(p-tolyl):Ph;H, arising via a series
of [1,5] hydrogen shifts that are possible only for 1a and not for 1b. Similarly, use of 2,5-
dimethyl-3,4-diphenylcyclopentadienone yields C:MesPhsH, 3, in which [1,5]-hydrogen shifts
oceur. 1 crystallizes in the triclinic space group P1 with ¢ = 9.8320(10) A, b = 10.0260(10)
A ¢ =19.166(2) A, a = 92.194(1)°, B = 90.57(1)°, y = 108.94(1)°, and V = 1785.2(3) A2 for
Z = 2. 2 crystallizes in the monoclinic space group P2y/n with a = 12.829(4) A, b = 16.456-
2) A, ¢ = 18.226(3) A, B = 110.06(1)°, and V = 3614.3(13) A3 for Z = 4. The reaction of
Cr(CO)s with C;Ph-H leads to incorporation of a Cr(CO); group on a peripheral phenyl ring
rather than on the seven-membered ring. However, the tricyclic ketone 2, which is the
precursor to 1, reacts with Mo(CO)s to give the s-allyl complex (55-CsPh;OH)Mo(CO)o(5-
CsPh;Hs) (10), in which the triphenylcyclopropene ring has been opened. 10 crystallizes in
the triclinic space group P1 with ¢ = 13.265(3) A, b = 13.561(3) A, ¢ = 13.635(4) A o=

1139

71.84(2)°, B = 65.04(2)°, y = 61.20(1)°, and V = 1930.3(12) A3 for Z = 2.

Introduction

Recent work on the fluxional behavior of organome-
tallic fragments bonded to sterically demanding ligands
has included such molecules as (CgEtg)Cr(CO)L'L”,
where L’ and L” can be CO, CS, NO* or PR3,! (Ce-
Et;C(=0)Me)Cr(C0)3,22 [CgEt4(CH,CH2C(=0)R).ICr-
(C0)3,2° [(CsH5)Cr(CO)3)(CsH5)2COH,® (C5Phs)Fe(CO)-
(CHO)(PMe3),* and (CsPhg)Cr(CO)3.5 In each case, the
barrier associated with tripodal rotation was measur-
ably different from that observed for the rotation of the
peripheral ethyl or phenyl substituents.

t Dedicated to Professor C. W. Jefford (University of Geneva,
Geneva, Switzerland) on the occasion of his 65th birthday.

® Abstract published in Advance ACS Abstracts, February 1, 1995.
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It is well-established that, for molecules of the type
C,rAr,,,58 peripheral ring rotation can be slowed on the
NMR time-scale when bulky ortho-substituents are
present. In the solid state these molecules adopt
propeller-type conformations in which the external
phenyls make a dihedral angle, 6, of ~ 50—60° with the
plane of the central ring.® Such a geometry provides a
compromise between the coplanar arrangement 6 = 0°,
which maximizes 7 overlap but leads to severe steric
strain, and the orthogonal structure 8 = 90°, in which
interactions between bulky groups are minimized. One
can view these species in terms of the angle w, sub-
tended by adjacent phenyls at the center of the internal
ring: in CsPhs, w = 72°, in C¢Phs, @ = 60°, and in Cs-
Ph;, w = 51.4°, While it is true that increasing the ring
size lengthens the radial distance of the external phe-
nyls from the center of the molecule, this is more than
compensated for by the diminishing value of w.

We thus chose to study potential routes to organo-
metallic complexes of the type (C;Ph7)ML, in which the

(6) Gust, D.; Patton, A. J. Am. Chem. Soc. 1978, 100, 8175.

(7) (a) Mislow, K.; Gust, D.; Finocchiaro, P.; Boettcher, R. J. Top.
Curr. Chem. 1978, 47, 1. (b) Willem, R.; Gielen, M.; Hoogzand, C.;
Pepermans, H. in Advances in Dynamic Stereochemistry; Gielen, M.;
Ed.; Freund: London, 1985; p 207.

(8) Janiak, C.; Schumann, H. Adv. Organomet. Chem. 1991, 33, 291.

(9) (a) Bart, J. C. J. Acta Crystallogr., Sect. B 1968, 24, 1277. (b)
Almenningen, A.; Bastiansen, O.; Skancke, P. N. Acta Chem. Scand.
1958, 12, 1215.
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Table 1. 'H and 3C NMR Data for C,Ph;H (1) and C;PhsMe;H (3)
phenyl A/A’ pheny! B/B’ phenyl C/C’ phenyl D other
'H, 5 3¢, 6 H, 6 13C, 6 'H, 6 BC, 6 H,4é 13C, 8 H,4 3¢, 6
C-PhyH (1)°
ortho 6.29 (4H)d of d, 130.71 7.09 (4H, m)* 131.04 7.18 (4H)dof d, 129.22 8.00 2H)d oft, 126.26
8.2,1.5Hz 8.1, 1.4 Hz 8.3,1.2Hz
meta 6.63 (4H, m) 125.39 7.08 (4H, m)* 126.55 7.03 (4H, m) 12695 7.51 QH)dofd, 127.84
8.3,7.5Hz
para 6.67 (2H, m) 124,44 7.03 (2H, m) 125.39 7.03 (2H, m) 125.71 740 (1H)tofq, 126.26
ipso carbon 140.00 140.24 143.10 75,12 Hz 142.53
ring carbon 142.75 136.35 138.72 57.17
sp3 H 5.35(1H,s) 57.17
C,PhsMe;H, (3)¢
ortho 6.51 (2H, b) 130.27 B 7.07 (2H, m); B 130.71; 7.17 (2H, m) 13044 7.61 QH)d oft, 126.43
B’ 7.23 2H, m) B’ 131.62 8.3,1.2Hz
meta 6.94 (2H, m) 127.35 B 7.17 (2H, m); B 127.74;¢ 7.16 (2H, m) 128.21¢ 7.34 2H)d of d. 128.03
B’ 7.23 (2H, m) B’ 128.21¢ 7.5,83Hz
para 6.91 (1H, m) 125.94 B 7.61 (1H, m); B 126.64; 7.14 (1H, m) 126.77 - 7.20 (1H, m) 126.43
B’ 7.08 (1H, m) B’ 126.19
sp’ H 4.84 (1H,s) 56.90
1-Me 1.87 (3H,s) 25.03
4-Me 1.20(3H,s) 2043

4 Spectra obtained in CD»Cl, on 500 MHz NMR spectrometer. Legend: d = doublet, q = quartet, s = singlet, t = triplet, m = multiplet, b = broad. * At
—90 °C, splits into two peaks at 7.5 and 6.7 ppm. ¢ At —90°C, splits into two peaks at 7.3 and 6.9 ppm. ¢ 1°C spectra obtained in CD,Cl; at 125.721 MHz.
¢ Peak assignments of meta carbons may be interchanged. f Peak assignments of para carbons may be interchanged.

to give the tricyclic ketone 2. The reaction is normally
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Ph Ph
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Figure 1. Labelling scheme for C;Ph;H (1). Ph :S_ph
Ph
spinning of the organometallic moiety about the C; axis o PR el WooPh
Ph 1a

and the rotation of the peripheral phenyls might be
correlated, as in the molecular bevel gears discussed by
Iwamura and Mislow.1%!1 Heptaphenylcycloheptatriene,
C;Ph;H (1), was originally synthesized by Battiste in
1961,'2 and the C;Ph;" and C;Ph-~ ions and also the
C-Ph; radical have since been reported.!>* We are
unaware of any structural or molecular dynamics stud-
ies on these systems; moreover, despite the elegant work
of a number of groups on (C;H;)ML, derivatives,!® there
are, to our knowledge, no reports of organometallic
complexes containing the C;Ph7 unit. We here describe
the dynamic behavior and structures of heptaphenyl-
and of dimethylpentaphenylcycioheptatriene and also
their reactions with chromium and molybdenum car-
bonyls.

Results and Discussion

Structure of C;Ph;H. Heptaphenylcycloheptatriene
(1), is conveniently synthesized by the Diels—Alder
addition of tetraphenylcyclopentadienone (commonly
known as tetracyclone) and 1,2,3-triphenylcyclopropene

(10) Iwamura, H.; Mislow, K. Acc. Chem. Res. 1988, 21, 175.

(11) For a very recent example of a molecular brake, see: Kelly, T.
R.; Bowyer, M. C.; Bhaskar, K. V.; Bebbington, D.; Garcia, A.; Lang,
F.; Kim, M. H.; Jette, M. P. J. Am. Chem. Soc. 1994, 116, 3657.

(12) Battiste, M. A. Chem. Ind. 1961, 550.

(13) Battiste, M. A. J. Am. Chem. Soc. 1961, 83, 4101.

(14) (a) Breslow, R.; Chang, H. W. J. Am. Chem. Soc. 1965, 87, 2200.
(b) Battiste, M. A. J. Am. Chem. Soc. 1962, 84, 3780.

Ph Ph
o N

2a R=H, R'=Ph
2b R=Ph, R'=H

carried out at elevated temperatures, and loss of CO
yields C;Ph7H directly;!2 however, if the Diels—Alder
addition is performed at room temperature, the inter-
mediate ketone 2, can be isolated.

The 500 MHz 'H and 125 MHz 13C NMR spectra of
C;Ph7H can be completely assigned by means of 1TH—
'H COSY and 'H-13C shift-correlated experiments,
together with selected NOE measurements, and the
NMR data for 1 are collected in Table 1. The protons
of the unique phenyl (ring D in Figure 1) are markedly
deshielded relative to those of the A rings; moreover,
the NOE data reveal a clear interaction between the
ortho protons of the D and A rings, suggesting the
structure 1b, whereby the D ring is pseudo-axial and
the single hydrogen substituent is sited equatorially. At

(15) (a) Elschenbroich, Ch.; Salzer, A. Organometallics—A Concise
Introduction, 2nd ed.; VCH: Weinheim, Germany, 1992; pp 358—361.
(b) Bennett, M. J.; Pratt, J. L.; Simpson, K. A.; LiShingMan, L. K. K,;
Takats, J. J. Am. Chem. Soc. 1976, 98, 4810. (c) Heinekey, D. M.;
Graham. W. A. G. J. Am. Chem. Soc. 1979, 101, 6115. (d) Airoldi, M.;
Deganello, G.; Gennaro, G.; Moret, M.; Sironi, A. Organometallics 1993,
12, 3694 and references therein.
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Figure 2. Variable-temperature 500 MHz !H NMR spectra of C;Ph;H (1).

room temperature, the B and C phenyl protons are
heavily overlapped. However, when the sample is
cooled, the doublet attributable to the ortho protons of
the B rings broadens and splits to give a pair of doublets
separated by no less than 0.73 ppm; likewise, as shown
in Figure 2, the meta protons of the B rings also
decoalesce to give a pair of triplets 0.44 ppm apart. At
—90 °C, the ortho protons of the A rings, and of the C
rings, have also broadened and disappeared into the
base line. Comparable splittings are seen in the vari-
able-temperature 12C spectra of C;Ph7H (see Figure 3),
and the barrier to rotation of the B rings may be
evaluated as 11.0 & 0.5 kcal mol~!. This relatively high
barrier tells us that these phenyls are in a very crowded
environment; moreover, the large chemical shift differ-
ences observed for the protons of the B ring when its
rotation is slow on the NMR time scale suggest that the
ortho protons in particular experience ring current
effects very different from their neighboring phenyls.

To clarify these points, C7Ph7H (1), was structurally

characterized by X-ray crystallography and views of the
molecule are shown in Figure 4. In the solid state, 1
possesses close to C; symmetry such that the pseudo
mirror plane contains the sp? carbon and bisects the
double bond bearing the phenyl A rings. It is also
evident that the unique phenyl group (the D ring in our
notation), in accord with the NMR evidence, is axial and
also straddles the pseudo mirror plane. As expected,
the Cr ring adopts a boat conformation such that the
dihedral angles between the planes containing C(6)—
C(7)—-CQ) [plane 1], C(1)—C(2)—C(5)—C(6) [plane 2],
and C(2)—C(3)—C(4)—C(5) [plane 3] are 125° for [plane
1/plane 2] and 145° for [plane 2]/[plane 3]. These may
be compared with the corresponding interplanar angles
in C;7Hg, which are 144° for [plane 1)[plane 2] and 140°
for [plane 2)/[plane 3].1¢ Thus, the conformation of the
seven-membered boat in C;Ph;H is markedly different
from that found in cycloheptatriene itself, especially

(16) Traetteberg, M. J. Am. Chem. Soc. 1964, 86, 4265.
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Figure 3. Variable temperature 125 MHz 3C NMR spectra of C;Ph;H (1).

with respect to the bending of the sp? carbon out of the
C(1)—-C(2)—C(5)—C(6) plane. In C;Hs, this deviation
from planarity is 36°, but in C;Ph;H it has become 55°,
presumably to minimize steric interactions between the
phenyl substituents.

Our major interest lies with the orientations of the
peripheral phenyl rings relative to the central C; ring.
The phenyl A rings are almost perpendicular to their
portion of the central ring; typically, the dihedral angles
C(2)—C(3)—C(31)~C(32) and C(2)—C(3)-C(31)—C(36)
are 92 and 87°, respectively. The B rings take up an
orientation of 63 + 4°, while the C phenyls are twisted
through 50° relative to the plane defined by C(7)—C(1)—
C(2) of the central ring. The net result is to place the
B phenyls in a very restricted locale, and this is

illustrated in the space-filling model which appears as
Figure 5. Furthermore, we can see from Figure 5 that
the ortho hydrogens of the B rings are in very different
magnetic environments. One proton, H(22), is sand-
wiched between the adjacent A and C phenyls and so
is unusually highly shielded; its ortho partner in the
same B ring, H(26), is situated on the molecular
periphery, far from any aromatic fragments whose ring
currents could affect its chemical shift. Since it is clear
that the X-ray structure of 1 provides a rationale for
the large chemical shift separation between protons on
opposite edges of the B phenyl rings, one can conclude
that the solid-state data provide an excellent model for
the most favored conformation in solution.

The marked shielding of the ortho protons of the A
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Figure 4. Molecular structures of C;Ph;H (1), showing the atom-numbering scheme: (a, top) side view; (b, bottom) view
depicting the pseudo mirror plane.

rings may be accounted for by their proximity to the ture 'H spectrum, these protons exhibit a doublet at &
unique phenyl (ring D). Indeed, in the room-tempera- 6.2, which is, of course, the time-averaged chemical shift
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Figure 5. Space-filling model of C;Ph;H (1).

for the two environments H(32)/H(42) and H(36)/H(46).
At —70 °C, this resonance has broadened considerably,
and by —90 °C it has completely disappeared into the
base line. Since solubility limitations do not allow the
observation of a limiting spectrum for slowed A ring
rotation, it is not possible to extract a barrier for this
process. Nevertheless, knowing the coalescence tem-
perature (~—70 °C), one could estimate this barrier if
the approximate chemical shift difference between H(32)
and H(36) could be evaluated. Making the (admittedly
naive) assumption that the major contributor to this
chemical shift separation is the sum of the ring current
effects of the neighboring phenyls, then a simple cal-
culation leads to an estimate of Av. To test the validity
of such an approach, the ring current induced chemical
shift difference between the ortho protons H(22) and
H(26) was evaluated; the X-ray structure of 1 places
H(22) 3.51 A from the centroid of the phenyl C ring
bonded to C(1) such that the vector connecting these
two points makes an angle of 124° with the ring plane.
The Johnson—Bovey ring current tables!” (based on the
original model of Waugh and Fessenden!® ) predict that
the C ring induces an incremental shielding of 0.69 ppm
for a proton sited in such a position. In a similar
manner, one can evaluate the shielding of H(22) caused
by the anisotropic character of the phenyl A ring at C(3);
the Johnson—Bovey approach yields a shielding of 0.34
ppm. By using this method, the incremental shifts
predicted for H(26), and for the meta protons H(23) and
H(25), were evaluated. Overall, this calculatory ap-
proach suggests chemical shift differences of 0.73 £ 0.1
ppm for the ortho H’s of the B rings, and 0.31 + 0.1
ppm for the meta H’s; the experimental shift differences
are 0.73 and 0.44 ppm, respectively.

The corresponding calculations for the ortho proton
chemical shifts in the A and C phenyl rings yield a Ad
value of 0.65 ppm in each case. We note that the A ring
protons which face the unique D ring are particularly

(17) Johnson, C. E., Jr.; Bovey, F. A. J. Chem. Phys. 1958, 29, 1012.
(18) Waugh, J. S.; Fessenden, R. W. J. Am. Chem. Soc. 1957, 79,
846; 1958, 80, 6697.
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strongly shielded. These estimates of Av, in conjunction
with a coalescence temperature of ~ 203 K, yield a AG*
value of approximately 9.1 kecal mol™! for the barrier to
A ring rotation. Likewise, the barrier to C ring rotation
was also estimated to be &~ 9 kcal mol~1. After making
due allowances for the errors associated with such an
approach, the energy requirements for rotation of the
A and C phenyls appear to be considerably less than
the 11 kecal mol~! barrier found experimentally for the
B phenyls. Although the chemical shift differences
between ortho protons in the A and C rings have been
estimated from ring current calculations rather than
measured directly, the experimental coalescence tem-
peratures are available. It is easy to show that, for the
A and C rings to have rotational barriers of ~11 kcal
mol ™%, the SA values for their ortho protons would have
to be ~3 Hz rather than the estimated separation of
approximately 325 Hz. Therefore, we can conclude that
the phenyl rotations are not correlated in C,Ph7H.

Hydrogen Migrations in C;Ph;MezH. The analo-
gous synthesis of C;PhsMegH (8), can be readily envis-
aged from the Diels—Alder reaction of 1,2,3-triphenyl-
cyclopropene with 2,5-dimethyl-3,4-diphenylcyclo-
pentadienone (4). This latter molecule, unlike C4Phy-
CO, which is monomeric, occurs as its Diels—Alder
dimer and so must be cracked before use.!¥ When 4 and
C3PhgH are either melted together or heated in reflux-
ing xylenes for 4 days, CO is evolved and C;PhsMesH
is produced. However, the complexity of the NMR
spectra, in particular the nonequivalence of the methyl
groups in both the 'H and !3C regimes, reveals that 3
cannot be the anticipated symmetrical isomer 38a.
Indeed, the singlet character of both methyl signals in
the 'H spectrum eliminates 8¢ and leaves 3b and 3d
as the only two viable candidates.

M
Ph
o}
0
b Ph Me
+ —_— Ph ph —
Me Ph Me Ph
H” ~Ph
Ph H Ph
Ph Ph Ph Ph
H
Me Me Me Me
Ph Ph Ph Ph
3a

3b
Ph Ph
Me Ph Ph Ph
Me
Ph Me Me
H
Ph Ph Ph oh H
3¢ 3d

The choice between these two isomers can be made
by using a combination of 2D and NOE experiments.

(19) Allen, C. F. H. Chem. Rev. 1962, 62, 653.
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Scheme 1
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These spectra allowed the ready identification of the
phenyl D ring (whose ortho protons were coupled to the
methine hydrogen) and of the methyl and phenyl in the
C environment (both of which showed NOE’s to this
same methine proton). Irradiation of the ortho H’s of
the D ring enhanced the other methyl as well as the
single phenyl in the A environment. These data were
confirmed by irradiation of each methyl in turn; all the
data were consistent with structure 8b, in which the
methine hydrogen again occupied the pseudo-equatorial
site at C(7). Although this structure possesses two
phenyl B rings, they each have a phenyl and a methyl
neighbor, thus avoiding the severe steric crowding
which is observed in C;Ph;H.

Such molecules must arise via hydrogen migrations,
but the symmetry-allowed {1,5]-suprafacial sigmatropic
shift can only occur when the migrating hydrogen is
positioned axially so as to facilitate the rearrangement
shown in Scheme 1. Since the methine hydrogen at C(7)
is positioned pseudo-equatorially, any attempt to equili-
brate the methy! environments must first surmount the
barrier to cycloheptatriene ring flipping. The 'H spec-
trum of 3 was recorded at various temperatures up to
137 °C (410 K), but no broadening or coalescence of the
methyl signals was evident. This result yields a mini-
mum barrier of 19.4 kcal mol™! for C; ring inversion.
Consequently, we carried out a series of selective
inversion experiments, since this technique is capable
of detecting slow exchange without the need to take the
sample to inconveniently high temperatures.?® How-
ever, even at 410 K, no magnetization transfer between
methyl sites could be detected, and so we must revise
our estimate of the minimum barrier for ring inversion
to 25 keal mol™!. We note that this minimum estimate
for AG* exceeds the quoted value of 23.8 kcal mol~! for
1,2:3,4:5,6-tribenzocycloheptatriene.?!

Structure of the Tricyclic Ketone 2. A crucial
factor in such rearrangements is the ring conformation;
it may well be the case that [1,5]-hydrogen shifts also
occur during the formation of C7Ph7H but, since such a
process would be degenerate, the same final product
would result.?? The crystallographically characterized
molecule 1b could not undergo [1,5]-hydrogen shifts
without flipping to the other boat conformer, as in
Scheme 1. The activation energies for such conforma-
tional flips vary from 6.3 kcal mol~! for C;Hg to more
than 20 kcal mol™! for cycloheptatrienes bearing bulky

(20) (a) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy;
Oxford University Press: Oxford, U.K., 1987; pp 224—229. (b) Forsén,
S.; Hoffman, R. A. J. Chem. Phys. 1963, 39, 2892, (¢) Forsén, S.;
Hoffman, R. A. J. Chem. Phys. 1964, 40, 1189. (d) Forsén, S.; Hoffman,
R. A. J. Chem. Phys. 1966, 45, 2049. (e) Bain, A. D.; Cramer, J. A. J.
Magn. Reson. 1998, A103, 217, (f) Bain, A. D.; Cramer, J. A. J. Chem.
Phys. 1993, 97, 2884.

(21) Négradi, M.; Ollis, W, D.; Sutherland, 1. O. J. Chem. Soc. D
1970, 158.

(22) It has been reported that, after 45 min at 300 °C, C;Ph7H shows
evidence of [1,5]-phenyl shifts. Harvey, J. A.; Ogliaruso, M. A. J. Org.
Chem. 1976, 41, 3374.
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groups.?? Clearly, the conformation of the initially
formed C;Ph;H is dependent on the structure of the
precursor tricyclic ketone, 2a or 2b. The geometry of 2
could not be assigned unequivocally since, even at 500
MHz, overlap of the phenyl peaks is too severe. Con-
sequently, the problem was again resolved by X-ray
crystallography and the resulting structure, 2a, appears
as in Figure 6. It is evident that all three phenyls
derived from the cyclopropene ring are mutually cis in
the Diels—Alder adduct.

The tricyclic ketone 2a possesses several interesting
structural features. We note that the C(1)—C(6) dis-
tance is rather long at 1.569(6) A, reflecting its some-
what strained environment as a member of three
different-sized rings (a cyclopropane, a cyclopentanone,
and a cyclohexene). It is this bond that is broken when
CO is lost and C;Ph7H is formed. However, it is also
interesting that the C(1)—C(2) and C(5)—C(6) bonds are
also long, 1.607(6) and 1.600(6) A, respectively;24 these
are the bonds that are made during the Diels—Alder
reaction to form 2a, and their weakness may account
for the ready reversibility of this process. Indeed, as
we shall see presently, this factor presumably comes
into play during the reaction of 2a with Mo(CO)s. It is
apparent that cheletropic loss of CO from 2a will yield
1a,%% in which [1,5)-hydrogen shifts are viable. How-
ever, the structure determined for C;Ph;H is 1b, in
which a boat-to-boat conformational flip has occurred.
An examination of molecular models confirms that the
initially formed conformer, 1a, engenders severe steric
problems between the pseudo-equatorial phenyl (ring
D) and its neighbors in the C positions.

To demonstrate the intermediacy of conformer 1a, we
used 2,5-diphenyl-3,4-di-p-tolylcyclopentadienone to pre-
pare 1’ and 2, analogous to 1 and 2. Thermolysis of 2
resulted in elimination of CO and formation of the
isomers depicted in Figure 7. The peripheral tolyl rings
in the isomers of 1’ give rise to seven equally intense
'H methyl resonances; moreover, the aromatic protons
in the D-ring environment clearly reveal the presence
of both phenyl and tolyl groups in a 5:2 ratio. We can
therefore conclude that conformation 1a is sufficiently
long-lived to allow rapid [1,5]-suprafacial sigmatropic
hydrogen shifts before ring flipping to 1b prevents any
further rearrangement.

(23) (a) Anet, F. A. L. J. Am. Chem. Soc. 1964, 86, 458. (b) Anet, F.
A. L.; Anet, R. In Dynamic NMR Spectroscopy; Jackman, L. M., Cotton,
F. A., Eds., Academic Press: New York, 1975; pp 592—597. (¢) Aonuma,
S.; Komatsu, K.; Takeuchi, K. Chem. Lett. 1989, 2107.

(24) We are aware of only one closely related structure, viz. the
Diels—Alder adduct of tetracyclone with cyclopentadiene, where both
the endo and exo isomers are known. In the endo adduct, the bonds
formed in the Diels—Alder addition (corresponding to C(1)—C(2) and
C(5)—C(6) in 2) average 1.569 A, reflecting the less crowded nature of
this product: Coxon, J. M.; O’Connell, M. J.; Steel, P. J. Aust. J. Chem.
1985, 38, 1223.

(25) Battiste has noted that endo-tricyclo[3.2.1.024]octen-8-ones
undergo facile decarbonylation to yield cycloheptatrienes directly, while
their exo isomers apparently decompose via norcaradiene intermedi-
ates: Halton, B.; Battiste, M. A.; Rehberg, R.; Deyrup, C. L.; Brennan,
M. E. J. Am. Chem. Soc. 1967, 89, 5964.
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Figure 6. Molecular structure of C;Ph;HCO (2), showing the atom-numbering scheme.
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Reactions of C;Ph;H with Metal Carbonyls, It
is known that 7-phenylcvcloheptatriene reacts with Cr-
(CO)s or (pyridine)sCr(CO); to give the exo- and endo-
phenyl isomers, § and 6, respectively, in which the metal
is #8-coordinated to the 7-membered ring.26

Treatment of C;Ph7H with Cr(CO)s yields a yellow
complex, 7, in which the Cr(CO); moiety is attached to
an external phenyl ring. The marked shielding of the

(26) Pauson, P. L.; Smith, G. H.; Valentine, J. H. J. Chem. Soc. C
1967, 1061.
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Figure 7. Isomers of C;(p-tolyl)oPh;H (1°).

'H and 13C resonances in the chromium-complexed ring,
together with the symmetrical character of the remain-
ing phenyl 13C signals, indicates that the metal is
coordinated to the unique D ring. Whether the metal
merely attacked the most sterically accessible ring, or
rather the product resulted from hydrogen migration
after complexation, remains an open question at present.
Analogously, (C7PhsMe,H)Cr(CO);3 (8), was prepared,
and the observation of five distinct protons in the
complexed phenyl ring suggests that, like 3, the mol-
ecule lacks a mirror plane. We should, however, recall
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that hydrogen migrations proceed 10° times more
rapidly in (#5-C7Hg)Mo(CO)s than they do in free cyclo-
heptatriene; deuterium labeling studies suggest that,
in the complex, it is the endo hydrogen which migrates,
presumably through a metal hydride intermediate.?’

The reactions of Mo(CO)g or (CH3CN)sW(CO); with
C7Ph7H gave relatively unstable products that are still
the subject of investigation, but a more interesting
result was obtained when the tricyclic ketone 2a was
heated under reflux with Mo(CO);. The intent was to
try to coordinate a molybdenum carbonyl fragment onto
the open face of 2a in the expectation that subsequent
metal-assisted cyclopropane ring opening and loss of CO
would yield a complex in which the molybdenum was
bonded to the central ring, as in 9. However, when the
reactants were heated, a blue coloration appeared,
indicating the formation of tetracyclone, presumably as
the result of a retro-Diels—Alder reaction. The product,
10, that was finally isolated was shown by mass
spectrometry to possess a molecular weight correspond-
ing to C;Ph7H3Mo(CO);, and its identity was not im-
mediately evident from the NMR data. The structure
of 10, determined by X-ray crystallography, is shown
in Figure 8 and reveals that it contains an 7%-1-hydroxy-
2,3,4,5-tetraphenylcyclopentadienyl ligand and also an
7%-1,2,3-triphenylallyl moiety coordinated to a dicarbo-
nylmolybdenum center. Although the PhyCsOH moiety
is not a common ligand, ruthenium and molybdenum
complexes are known.22% The molybdenum—Cs(centroid)
distance of 2.052 A in 10 compares well with the value
of 2.034 A found in [Mox(CO)3(u-0:75-C4PhsCO)(15-Cs-
Ph,OH)).%

The four peripheral rings of the #5-PhyC5;0H ligand
adopt a propeller-type geometry in which the phenyls
are twisted relative to the central five-membered ring
by 6 values of 41, 52, 66, and 44°. This is in contrast
with their orientations in [Mog(CO)s(u-0:97°-C4PhyCO)-
(75-C5PhsOH)), where they were described as taking up
a cup-shaped arrangement.?®

Subsequently, it was shown that the molybdenum
complex 10 (and also its dimethyl analogue 11) can be
prepared by heating Mo(CO)s, C3PhsH, and tetracyclone
(or C4PhsMeyCO (4)) in refluxing toluene; it is not
necessary to use the tricyclic ketone 2 as the precursor.
The reaction of Mo(CO)s with tetracyclone has been
investigated previously.?® In the presence of acetoni-

(27) Roth, W. R.; Grimme, W. Tetrahedron Lett. 1966, 2347.

(28) Mays, M. J.; Morris, M. J.; Raithby, P. R.; Shvo, Y.; Czarkie,
D. Organometallics 1989, 8, 1162.

(29) Adams, H.; Bailey, N. A.; Hempstead, P. D.; Morris, M. J.; Riley,
S.; Beddoes, R. L.; Cook, E. S. J. Chem. Soc., Dalton Trans. 1993, 91.
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Figure 8. Molecular structure of (CsPhyOH)(C3Ph;Hs)Mo-
(CO); (10) showing the atom-numbering scheme.
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trile, the (dienone)Mo(CO)s(NCCHj3) complex 12 is
formed, but in the absence of a coordinating solvent, one
can obtain either the oxygen-bridged dimer 13, or the
bis(dienone)Mo(CO), species 14, depending on the ratio
of reactants.

® I\A ® b ®
¢ | R
(OC)sMo(NCMe) (©Cs .

® =phenyl
12 13

A number of reactions of C3PhsH or of the CsPhs™
cation with organometallics have been reported.3°
Schrock?! and Hughes®2 have investigated the experi-
mental barrier to rotation of the #3-C3R3 ligand, where



1148 Organometallics, Vol. 14, No. 3, 1995

Scheme 2

Ni

P:Y\NI/BI' TiCp Ph Ph

X -

15

Pho |t
PheP,
(CHINI(PPhy), + [CoPhgl (PRI MOH, Phy P,Nu--- Ph
Ph
16

L

. CH,C Ph3pu. -~
(CoHyPHPPhG), + [CoPhglTPF| ——» PP~ P/ S—Ph

Ph
17
e 0.0 1
trans-r(PMe),(CICO + [CoPhol'(PFg] — = ° ";'mﬂ--- Ph
Me,P é
18
e
(PhCN),PdCl, + C,PhyH _— Ph \/
Ph 2>
H
19

R is a bulky substituent such as tert-butyl or phenyl, in
a series of tungsten, molybdenum and ruthenium
complexes. It was shown that in CpMXa(C3R3) systems
the frontier orbitals of the CpMX; fragment play a
crucial role in determining the rotational barrier.3b32

Of particular relevance to this work are a series of
products, 15—19, resulting from the treatment of
[PhsC3]*[PFs]~ or CsPhsH with several coordinatively
unsaturated organometallics. In the first four cases
shown in Scheme 2, the opening of the cyclopropenyl
ring has proceeded to a different extent, culminating
in the iridacycle 18.3% In 10, the cyclopropene ring
opening is now complete, and the addition of hydrogen
has generated the #3-1,2,3-triphenylallyl ligand. We
note that CsPhsH is reported to react with (PhCN),-
PdCl; to give [(#°-1-chloro-1,2,3-triphenylallyl)PdCl];
(19);3% however, we are unaware of any X-ray crystal-
lographic data on this molecule. One might envisage a
route to 10 that involves an intermediate of the type
(tetracyclone)Mo(CO)s(C3PhgH) that subsequently un-
dergoes cyclopropene ring opening, perhaps via a

(30) (a) Mealli, C.; Midolloni, S.; Moneti, S.; Sacconi, L. Angew.
Chem., Int. Ed. Engl. 1980, 19, 931. (b) McClure, M. D.; Weaver, D. L.
J. Organomet. Chem. 1973, 54, C59. (¢c) Tuggle, R. M.; Weaver, D. L.
Inorg. Chem. 1972, 11, 2237. (d) Keasey, A.; Maitlis, P. M. J. Chem.
Soc., Dalton Trans. 1978, 1830. (e) Frisch, P. D.; Khare, G. P. Inorg.
Chem. 1979, 18, 781. (f) Kettle, S. F. A. Inorg. Chem. 1964, 3, 604. (g)
Muskak, P.; Battiste, M. A. J. Organomet. Chem. 1969, 17, 46. (h)
Mealli, C.; Midolloni, S.; Moneti, S.; Sacconi, L.; Silvestre, J.; Albright,
T. A. J. Am. Chem. Soc. 1982, 104, 95. (i) Li, R. T.; Nguyen, S. T,
Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1994, 116, 10032,

(31) Churchill, M. R.; Fettinger, J. C.; McCullough, L.; Schrock, R.
R. J. Am. Chem. Soc. 1984, 106, 3356.

(32) Ditchfield, R.; Hughes, R. P.; Tucker, D. S.; Bierwagen, E. P,;
Ré)bbinss, J.; Robinson, D. J.; Zakutansky, J. A. Organometallics 1993,
12, 2258.
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metallacyclobutene.?®! However, such mechanistic pro-
posals must remain speculative until deuterium-label-
ing studies can establish the source of the additional
two hydrogens.

To conclude, the Diels—Alder reaction of tetracyclone
(or of C4PhyMesCO) with triphenylcyclopropene yields
the adduct with an endo hydrogen at C(7); thermolysis
to bring about elimination of CO produces the ap-
propriately substituted cycloheptatriene in which [1,5}-
hydrogen shifts can occur. However, this initially
formed isomer with a pseudo-equatorial phenyl sub-
stituent at the sp?® position is sterically hindered and
undergoes a conformational flip which allows the phenyl
group to occupy the favored pseudo-axial site. Never-
theless, the remaining phenyls are sterically encum-
bered and slowed rotation of these rings can be moni-
tored by 'H and 3C NMR spectroscopy.

The reaction of Cr(CO)s with C;Ph;H leads to incor-
poration of a Cr(CO)s group on a peripheral phenyl ring;
attempts to coordinate Mo(CO); or W(CO); to the seven-
membered ring have so far been unsuccessful. It is well-
known that the corresponding (5%-C;Hg)M(CO); com-
plexes, where M = Cr, Mo, W, adopt geometries whereby
the six coordinated sp? carbons are almost coplanar, and
only the methylene group is bent substantially out of
this plane.?® Such a conformation may be energetically
disfavored for the C;Ph7H ligand, and it has not yet been
possible to characterize any molecules in which a metal
is coordinated to the central ring of the heptaphenyl-
cycloheptatriene ligand. However, the tricyclic ketone
2, which is the precursor to 1, reacts with Mo(CO)s to
give the complex (#3-CsPhyOH)Mo(CO)a(53-CsPhsHy).
Experiments designed to generate centrally bonded
metal complexes of the C;Ph-H ligand are continuing.

Experimental Section

All syntheses were carried out under a dry nitrogen atmo-
sphere utilizing conventional benchtop and glovebag tech-
niques. Solvents were dried and distilled according to stan-
dard procedures.®* Silica gel (200—400 mesh) was employed
for flash column chromatography. The 1D and 2D H and 3C
NMR were recorded on a Bruker AM-500, AC-300, or AC-200
spectrometer. IR spectra were recorded on a Bio-Rad FTS-40
instrument using NaCl plates. Mass spectra were collected
on a VG analytical ZAB-E spectrometer by direct electron
impact and direct chemical ionization (NH3) methods. Melting
points were determined on a Thomas Hoover melting point
apparatus and are uncorrected.

Preparation of C;Ph;H (1). 1 was prepared from 2,3,4,5-
tetraphenylcyclopentadienone and 1,2,3-triphenylcyclopropene
according to the literature procedure.!? Recrystallization from
CHCls/ether gave a 72% yield of colorless crystals, mp 284—
286 °C (1it.12 285—-287.5 °C). 'H and 3C NMR data are listed
in Table 1. Mass spectrum (DEI): m/z (%) 624 (100) [M1*,
546 (32) [M — Ph — HJ*, 469 (35) [M — 2Ph — HJ", 391 (17)
[M - 3Ph — 2H]*.

Preparation of C,Ph;HCO (2). 2,3,4,5-Tetraphenylcy-
clopentadienone (2.341 g, 6 mmol) and 1,2,3-triphenyleyclo-
propene (0.806 g, 3 mmol) in benzene were stirred at room
temperature for 6 days. 2 was purified by flash chromatog-
raphy using 3:2 CHyCly/hexanes as the eluent. The first band
gave 2 (1.568 g, 2.4 mmol, 80%), which recrystallized from CHz-
Cly/hexane as colorless plates. 'H NMR (200 MHz, CD:Cly):

(33) Dunitz, J.; Pauling, P. Helv. Chim. Acta 1960, 43, 2188.
(34) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of
Laboratory Chemicals; Pergamon Press: New York, 1980.
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Table 2. Structure Determination Summary

1 2 10

empirical formula CuoHsg Cs5oH36O Cs2H38MoO3
fw 624.78 652.79 806.76
cryst size (mm) 0.25 x 0.25 x 0.25 0.1 x 0.1 x 0.05 0.2 x 02 x0.1
color, habit colorless, parallelepiped colorless, plate red-brown, plate
temp (K) 298(2) 300(2) 298(2)
wavelength 0.71073 0.71073 0.71073
cryst syst triclinic monoclinic triclinic
space group Pl P2i/n Pl
unit dimens

a(A) 9.8320(10) 12.829(4) 13.265(3)

b 10.0260(10) 16.456(2) 13.561(3)

c(A) 19.166(2) 18.226(3) 13.635(4)

o (deg) 92.194(1) 90.0 71.84(2)

B (deg) 90.57(1) 110.06(1) 65.04(2)

y (deg) 108.94(1) 90.0 61.20(1)
V(AY 1785.2(3) 3614.3(13) 1930.3(12)
V4 2 4 2
caled density (Mg/m?) 1.162 1.200 1.388
abs coeff (mm™1) 0.066 0.070 0.385
F(000) 660 1376 832
6 range (deg) 2.13-25.00 2.09-22.50 2.23-24.98
index ranges —1<h=<11,-11<k=<1], -1=h=<15-12k=19, —1=<h=<12, —14 < k13,

-22<1<22 -21=<1=<20 -15=<1=z14

no. of rflns collected 7480 6396 5717
no. of indep rflns 6282 4666 4929
no. of params 446 461 513
goodness of fit on F2 1.028 0.981 1.042

final R indices (I > 20(])]
R indices (all data)

R1=0.0527, wR2 = 0.1176
R1=0.0884, wR2 = 0.1398

extinction coeff ] 0.0063(10)
largest diff peak (A~3) 0.221
largest diff hole (A3) —0.210

6 7.30—6.77 (m, 35H, phenyl protons), 3.60 (s, 1H, H7). 13C
NMR (50.288 MHz, CD;Cly): 6 194.16 (C8), 142.97 (C3/C4),
137.04, 135.38, 135.10, 133.55, 133.41, 131.72, 130.01, 127.81,
127.37,127.10, 126.98, 126.75, 126.39, 126.13 (phenyl carbons),
68.77 (C2/C5), 38.56 (C1/C6), 31.95 (C7). IR (CHyClp): vco
1768 cm™!. Mass spectrum (DEI): m/z (%) 652 (5) [M]*, 624
(100) [M — COI*, 547 (5) [M — CO — Phl*.

Preparation of C;(p-toly);PhsH (1), 1’ was prepared
analogously to 1 from 2,5-diphenyl-3,4-ditolylcyclopentadi-
enone (0.118 g, 0.29 mmol) and 1,2,3-triphenylcyclopropene
(0.077 g, 0.29 mmol). The product was chromatographed over
silica gel with ether/pentane (2:98) as eluent. The major band
was separated and gave 1’ as an oily yellow solid (0.123 g, 0.18
mmol, 65%), a mixture of isomers 1'a—1’'d. 'H NMR (500
MHz, CD:Cly): 6 7.97 (d, 10H, ortho of phenyl D), 7.85 (d, 4H,
ortho of tolyl D), 7.49 (m, 10H, meta of pheny! D), 7.39 (d, 5H,
para of phenyl D), 7.32 (d, 4H, meta of tolyl D), 7.16—6.14 (m,
198H, tolyl/phenyl protons), 5.31 (s, 5H, sp® H), 5.28 (s, 2H,
sp® H), 2.44 (s, 1 CHj), 2.22 (s, 2 CHy's), 2.17 (s, 1 CHg), 2.16
(s, 1 CHy), 1.98 (s, 1 CHy), 1.97 (s, 1 CHy). 3C NMR (125.76
MHz, CD.Cly): & 144.19, 143.72, 143.54, 141.36, 141.20,
140.42, 139.72, 139.60, 138.04, 137.28, 136.86, 136.41, 136.03
(ipso and ring carbons), 132.05, 131.84, 131.76, 131.55, 130.22,
130.08, 129.38, 128.79, 128.66, 128.28, 127.91, 127.51, 127.21,
127.17, 126.61, 126.35, 126.32, 125.34 (phenyl carbons), 58.27,
57.98 (sp® ring carbons), 21.24, and 20.92 (CHjy's). Mass
spectrum (DEID). m/z (%) 652 (100) [M1*, 561 (17) [M —Toll*,
483 (14) [M — Tol — Ph ~ HJ".

Preparation of C;PhsMezH (3). 2,5-Dimethyl-3,4-diphe-
nylcyclopentadienone dimer (1.30 g, 2.5 mmol) was heated in
refluxing xylenes (25 mL) for 1 h. Formation of the monomer
was indicated by a red coloration of the solution. 1,2,3-
Triphenylcyclopropene (1.315 g, 4.9 mmol) was then added and
the mixture heated under reflux for 4 days, after which time
the xylenes were removed by distillation. The product was
recrystallized from pentane to give colorless crystals of 3 (0.80
g, 30%), mp 181—185 °C. 'H and 3C NMR data are listed in
Table 1. Mass spectrum (DEI): m/z (%) 500 (100) [M]*, 485
(10) [M — CHj3l*, 407 (39) [M — Ph — HI*.

Trace amounts of the ketone intermediate C;Ph;Me;HCO,

R1=0.0702, wR2 = 0.1238
R1 =0.1602, wR2 = 0.1628

R1 =0.0658, wR2 = 0.1008
R1=0.1325, wR2 = 0.1231

N/A 0.0005(4)
0.170 0.342
—0.180 —0.445

a yellow solid, also recrystallized and were isolated. 'H NMR
(200 MHz, CD.Cly): 6 7.28-6.23 (m, 25H, phenyl protons), 2.96
(s, 1H, H7), 1.15 (s, 6H, 2CH;). 3C NMR (50.288 MHz, CD;-
Clg): 6 197.13 (C8), 147.78 (C3/C4), 135.22, 133.53, 132.93,
131.17, 130.28, 128.24, 128.0, 127.73, 127.54, 126.71, 1256.55
(phenyl carbons), 65.21 (C2/C5), 55.23 (C1/C6), 38.65 (C7), 9.82
(CH3). IR (CHCla): vco 1752 em~!. Mass spectrum (DEI):
m/z (%) 528 (32) [M]*, 500 (100) [M — CO]l*, 485 (17) [M —
CO — CHsl*, 407 (68) [M— CO — CH3 — Ph — HJ*.

Preparation of (C;Ph;H)Cr(CO)s (7). A mixture of C;-
Ph7H (1; 0.413 g, 0.661 mmol) and Cr(CO)s (0.189 g, 0.859
mmol) in dry n-butyl ether (15 mL) and dry THF (15 mL) was
heated under reflux for 48 h. The yellow solution was then
cooled and the solvent removed under reduced pressure. The
residue was recrystallized from toluene and hexane to give 7,
ayellow solid (0.201 g, 0.263 mmol, 40%). 'H NMR (300 MHz,
CDCls): 6 7.07—86.19 (m, 30H, noncoordinated phenyls), 5.60—
5.32 (m, 5H, coordinated phenyl). 3C NMR (75.432 MHz,
CDCly): 6 143.58, 142.02, 140.03, 139.91, 138.27, 137.25 (ipso
and ring carbons), 131.51, 131.30, 129.83, 127.75, 127.39,
127.14,126.77, 126.41, 126.01, 125.58 (noncoordinated phenyl
carbons), 93.18, 92.77, 92.03 (coordinated phenyl carbons),
55.82 (C7). IR(CHxCly): voo 1968, 1894 cm™t. Mass spectrum
(DEI): m/z (%) 760 (5) [M]*, 676 (100) [M —~ 3CO]*, 623 (70)
[M — Cr(CO); — HI*, 546 (30) [M — Cr(CO); — Ph — H]*; 469
(25) [M-Cr(C0O)3-2Ph-HJ*. Anal. Caled for CssHzeOsCr: C,
82.10; H, 4.74. Found: C, 82.37; H, 4.52.

Preparation of (C;Ph;Me H)Cr(CO); (8). To a mixture
of CyPhsMezH (0.5 g, 1 mmol) and Cr(CO)s (0.22 g, 1 mmol)
were added 5 mL of dry n-butyl ether and 3 mL of dry THF,
and the reaction mixture was heated under reflux for 2 days.
After the mixture was cooled to room temperature, most of
the solvent was removed and the remaining greenish yellow
residue was chromatographed over silica gel with hexane/CH,-
Cl; (1:1) as eluent. The yellow band was separated and
concentrated under reduced pressure and kept for crystalliza-
tion at —20 °C. The yellow amorphous solid (0.064 g, 0.1
mmol, 10%) of 8 precipitated and was filtered. 'H NMR (200
MHz, CD:Cly): 6 7.60—6.50 (m, 20H, noncoordinated phenyls),
5.83—5.28 (m, 5H, coordinated phenyl), 4.82 (s, 1H, H7), 1.89
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Table 3. Atomic Coordinates (x10%) and Equivalent
Isotropic Displacement Parameters (A2 x 103) for

Chao et al.

Table 4. Atomic Coordinates (x10%) and Equivalent
Isotropic Displacement Parameters (A? x 10%) for

C,Ph-H (1) CsPh;HCO (2)

x y z Uleq)* x y z Uleq)”
() 1177(2) —142(2) 8347(1) 43(1) o(l) 1740(3) 540(2) 9509(2) 61(1)
c(y 2156(2) 727(2) 8908(1) 43(1) C() 895(4) 1555(3) 7883(2) 40(1)
C(12) 1749(3) 1711(2) 9310(1) 59(1) C(11) 1839(4) 1450(3) 7595(3) 46(1)
C(13) 2613(3) 2489(3) 9854(1) 70(1) C(12) 2866(4) 1167(3) 8074(3) 57(2)
C(14) 3919(3) 2341(3) 9991(1) 69(1) C(13) 3716(5) 1032(3) 7788(4) 73(2)
C(15) 4362(3) 1407(3) 9590(1) 66(1) C(14) 3570(6) 1170(3) 7016(4) 84(2)
C(16) 3489(2) 601(2) 9057(1) 54(1) C(15) 2552(6) 1450(3) 6524(3) 73(2)
C(2) 827(2) —1561(2) 8281(1) 43(1) C(16) 1701(5) 1581(3) 6805(3) 57(2)
C21) 1308(2) —2376(2) 8813(1) 46(1) C2) 422(4) 743(3) 8147(2) 41(1)
C(22) 945(3) —2316(2) 9507(1) 57(1) C(21) 655(4) —65(3) 7845(3) 46(1)
C(23) 1365(3) —3076(3) 9996(1) 75(1) C(22) 786(5) —741(3) 8314(3) 60(2)
C(24) 2143(3) —3916(3) 9807(2) 80(1) C(23) 938(5) —1504(3) 8057(4) 81(2)
C(25) 2530(3) —4009(3) 9127(2) 78(1) C(24) 938(5) —1602(4) 7314(4) 87(2)
C(26) 2111(3) —3228(3) 8625(1) 64(1) C(25) 773(6) —956(4) 6819(4) 82(2)
C@3) —-64(2) —2417(2) 7696(1) 45(1) C(26) 635(5) —189(3) 7093(3) 68(2)
C@31) —1210(3) —3760(2) 7884(1) 53(1) C(3) —765(4) 863(3) 8129(3) 42(1)
C(32) —2544(3) —=3717(3) 8015(2) 101(D) C@3l1) -1753(4) 457(3) 7562(2) 45(1)
C(33) —3642(4) —4925(5) 8211(2) 139(2) C(32) —2533(5) 72(3) 7792(3) 62(2)
C(34) —3367(5) —6164(5) 8257(2) 118(2) C(33) —3463(5) —272(3) 7251(3) 75(2)
C(35) —2065(5) —6234(4) 8111(2) 117(1) C(34) —3609(5) —=229(3) 6469(3) 76(2)
C(36) —982(4) —5033(3) 7941(2) 92(1) C(35) —2842(5) 152(4) 6232(3) 80(2)
Cc4 101(2) —2032(2) 7021(1) 46(1) C(36) —1917(5) 500(3) 6767(3) 65(2)
CD —742(2) —2984(2) 6435(1) 51(1) [o(())] —771(4) 1410(3) 8687(2) 41(1)
C(42) -1667(3) —2573(3) 6028(2) 83(1) C41) —~1742(4) 1715(3) 8863(3) 46(1)
C43) —2395(4) —3387(4) 5458(2) 103(1) C(42) —2072(5) 1367(4) 9435(3) 79(2)
C(44) —2213(4) —4629(4) 5291(2) 101(1) C(43) —2958(6) 1689(5) 9619(4) 101(2)
C(45) —1306(4) —5079(4) 5688(2) 101(1) C(44) —3502(6) 2355(5) 9223(4) 107(3)
C(46) —569(3) —4264(3) 6259(2) 79(1) C(45) —3173(6) 2713(5) 8665(4) 99(2)
C(5) 1142(2) —698(2) 6798(1) 44(1) C(46) —2304(5) 2402(4) 8484(3) 73(2)
C(51) 1933(2) —846(2) 6151(1) 49(1) C(5) 407(4) 1709(3) 9099(2) 42(1)
C(52) 1754(3) —269(3) 5528(1) 68(1) C(51) 593(4) 2092(3) 9887(2) 48(1)
C(53) 2483(4) —481(3) 4945(1) 88(1) C(52) 1072(4) 1667(3) 10576(3) 57(2)
C(54) 3398(4) —1252(3) 4973(2) 89(1) C(53) 1190(5) 2044(4) 11288(3) 73(2)
C(55) 3598(3) —1821(3) 5584(2) 78(1) C(54) 826(5) 2814(4) 11310(3) 79(2)
C(56) 2858(3) —1631(2) 6168(1) 62(1) C(55) 321(5) 3235(4) 10626(3) 73(2)
C(6) 1377(2) 561(2) 7143(1) 44(1) C(56) 200(5) 2867(3) 9922(3) 61(2)
C(61) 2430(2) 1910(2) 6923(1) 48(1) C(6) 852(4) 2198(3) 8506(2) 37D
C(62) 2009(3) 3094(3) 6872(1) 71(1) C(61) 1737(4) 2807(3) 8908(2) 46(1)
C(63) 2956(4) 4358(3) 6669(2) 95(1) C(62) 2768(4) 2554(3) 9433(3) 57(2)
C(64) 4342(4) 4469(3) 6522(2) 96(1) C(63) 3535(5) 3109(4) 9873(3) 71(2)
C(65) 4792(3) 3321(3) 6582(2) 85(1) C(64) 3302(6) 3926(4) 9802(3) 74(2)
C(66) 3843(3) 2046(3) 6779(1) 64(1) C(65) 2306(6) 4185(3) 9276(3) 70(2)
C( 599(2) 657(2) 7820(1) 45(1) C(66) 1523(5) 3637(3) 8835(2) 54(2)
C(71) —1030(2) 273(2) 7768(1) 48(1) C(7) 109(4) 2275(3) 7656(2) 42(1)
C(72) —1865(3) —94(2) 8355(1) 56(1) C(1) 166(4) 2941(3) 7117(2) 41(D)
C(73) ~3326(3) —336(3) 8328(1) 68(1) C(72) 1118(5) 3320(3) 7104(3) 53(1)
C(74) —3997(3) —236(3) 7709(1) 78(1) C(73) 1107(5) 3934(3) 6576(3) 64(2)
C(75) —3190(3) 147(3) 7124(1) 79(1) C(74) 92(6) 4166(4) 6041(3) 70(2)
C(76) —1725(3) 403(3) 7154(1) 62(1) C(75) -866(5) 3819(3) 6030(3) 65(2)
9 U(eq) is defined as one third of the trace of the orthogonalized Uy gg?) 1?)(3)383 358;%; gggig; 45128;

tensor.

(s, 3H, 1-Me), 1.17 (s, 3H, 4-Me). 3C NMR (50.288 MHz, CD;-
Clp): 6 144.05, 143.11, 141.84, 136.99 (ring carbons), 131.61,
130.70, 130.45, 130.28, 128.44, 128.20, 128.02, 127.90, 127.73,
127.34, 127.08, 126.77, 126.64, 126.42, 126.19, 125.94 (non-
coordinated phenyl carbons), 92.78, 93.35, 93.53 (coordinated
phenyl carbons), 56.87 (C7), 25.04 (1-Me), 20.44 (4-Me). IR
(CH2Cly): veo 1966, 1889 cm~l. Mass spectrum (DEI): m/z
(%) 636 (12) [M]*, 552 (565) [M — 3CO7*, 500 (100) (M — Cr-
(COYs)*, 407 (85) [M — Cr(CO); — Ph — Me — HI*. Mass
spectrum (DCI, NHs™): m/z (%) 654 (15) [M + NH,]*.
Preparation of (CsPh;OH)(C3sPhsH:)Mo(CO); (10). To
a mixture of C;Ph;HCO (0.148 g, 0.23 mmol) and Mao(CO)s
(0.068 g, 0.26 mmol) was added 20 mL of dry toluene. The
reaction mixture was heated under reflux in the dark for 20
h. After cooling, filtration under vacuum, and removal of
solvent, the brown residue was flash-chromatographed on
silica gel using 1:4 CH,Clyhexanes as the eluent. After
removal of C;Ph;H and tetracyclone, a brown-red band gave
10 (0.057 g, 0.07 mmol, 31%). Recrystallization from CH:Cly
hexanes yielded red-brown plates, mp 220-222 °C. 'H NMR
(500 MHz, CDCly): 7.21-6.79 (m, 35H, phenyl protons), 5.04

9 U(eq) is defined as one third of the trace of the orthogonalized Uij
tensor.

(s, 1H, H3), 2.70 (s, 2H, H60a/H80a). 3C NMR (125.721 MHz,
CD:Cl): 6 243.97, 240.54 (CO’s), 140.94, 137.97, 133.83,
133.38, 133.21, 132.77, 131.02, 130.06, 129.52, 128.87, 128.70,
128.03, 127.99, 127.89, 127.69, 126.15 (pheny! carbons and ring
CO), 114,61, 104.04, 97.26 (C20/C50, C30/C40, C70), 73.36
(C60/C80). IR (CH:Cly): veo 1945, 1874 cm~!. Mass spectrum
(DEI): m/z (%) 808 (39) [M*], 752 (98) [M — 2CO]*, 482 (84)
[M - 2CO — C3PhsH; — H1*, 384 (100) [CsPhyO1". Anal. Caled
for Cs2HssOsMo: C, 77.42; H, 4.71. Found: C, 77.31; H, 4.92.

Preparation of (CsPh:Me;OH)(CsPhsHz)Mo(CO); (11).
A mixture of 1,2,3-triphenylcyclopropene (0.268 g, 1 mmol) and
2,5-dimethyl-3,4-diphenylcyclopentadienone dimer (0.260 g, 0.5
mmol) and Mo(CO)s (0.264 g, 1 mmol) in dry n-butyl ether (12
mL) was refluxed under nitrogen for 18 h. After cooling to
room temperature and filtration through Celite, the solvent
was removed by vacuum. The residue was chromatographed
over silica gel using CHzCly/hexanes as eluent in a 1:4 ratio.
The major band gave 11 (0.16 g, 0.234 mmol, 23%), a yellow
powder. 'H NMR (200 MHz, CD,Cly): 6 7.51—6.92 (m, 25H,
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Table 5. Atomic Coordinates (x10%) and Equivalent
Isotropic Displacement Parameters (A2 x 10%) for
(CsPhyOH)(CsPh;H2)Mo(CO); (10)

x y z Uleq)®
Mo(1) 1458(1) 1506(1) 2170(1) 29(1)
C() 740(8) 463(7) 2343(6) 34(2)
C@2) 721(7) 1231(6) 3769(7) 34(2)
C(10) 1788(7) 2929(6) 594(6) 30(2)
C(20) 1494(7) 3406(6) 1521(6) 30(2)
C2h 2205(7) 3957(6) 1583(6) 27(2)
C(22) 3467(8) 3521(7) 1181(6) 38(2)
C(23) 4075(9) 4112(7) 115%(7) 49(3)
C(24) 3468(9) 5125(8) 1537(7) 48(3)
C(25) 2214(8) 5588(7) 1920(7) 43(2)
C(26) 1580(7) 5017(6) 1941(6) 34(2)
C(30) 300(7) 3458(6) 2208(6) 26(2)
C(31) —434(7) 3987(6) 3240(6) 30(2)
C(32) 37(8) 3702(7) 4076(7) 39(2)
C(33) —659(9) 4208(8) 5012(7) 49(3)
C(34) —1827(10) 5043(8) 5137(8) 60(3)
C(35) —2301(8) 5344(7) 4309(7) 49(3)
C(36) —1606(8) 4815(6) 3375(6) 35(2)
C(40) —134(7) 3038(6) 1689(6) 25(2)
C@t) —1412(7) 3205(6) 1999(6) 28(2)
C(42) ~2055(8) 3905(7) 1294(7) 42(2)
C(43) —3263(9) 4131(8) 1582(8) 53(3)
C(44) —3868(9) 3691(8) 2578(8) 55(3)
C(45) —3226(8) 2976(7) 3289(7) 44(2)
C(46) —2007(7) 2734(7) 2989(6) 37(2)
C(50) 809(7) 2708(6) 665(6) 29(2)
C(5D 744(7) 2362(6) —245(6) 30(2)
C(52) 1242(8) 2786(7) —1307(6) 45(2)
C(53) 1181(8) 2495(8) =2157(7) 52(3)
C(54) 655(9) 1762(7) —1963(7) 54(3)
C(55) 163(8) 1348(7) —909(7) 50(3)
C(56) 221(8) 1635(7) =75(7) 45(2)
C(60) 3251(7) 238(7) 1141(7) 33(2)
C(61) 3295(7) —415(7) 432(6) 36(2)
C(62) 3612(8) -55(7) —676(7) 41(2)
C(63) 3589(9) —531(8) —1413(7) 57(3)
C(64) 3253(8) —1422(8) —1044(8) 54(3)
C(65) 2958(9) —1829(8) 36(8) 57(3)
C(66) 2969(8) —1336(8) 769(8) 57(3)
C(70) 3258(7) -78(7) 2262(7) 33(2)
C(71) 3467(8) —1256(6) 2844(7) 36(2)
C(72) 2577(8) —1616(7) 3592(7) 44(2)
C({73) 2891(10) —2755(8) 4047(7) 55(3)
C(74) 4076(10) —3521(8) 3760(8) 64(3)
C(75) 4963(9) —3173(8) 3040(8) 73(3)
C(76) 4669(9) —2037(8) 2583(8) 62(3)
C(80) 3210(8) 818(7) 2636(7) 37(2)
C(81) 3255(7) 832(7) 3710(7) 38(2)
C(82) 2983(8) 134(8) 4671(7) 52(3)
C(83) 3062(9) 232(9) 5609(8) 66(3)
C(84) 3473(9) 985(9) 5592(8) 68(3)
C(85) 3774(9) 1678(8) 4645(9) 63(3)
C(86) 3660(8) 1604(7) 3729(8) 49(3)
oD 232(6) —64(5) 2477(5) 59(2)
02) 235(6) 1098(5) 4680(5) 55(2)
03) 2829(5) 2785(4) -290(4) 41(2)

2 U(eq) is defined as one third of the trace of the orthogonalized Uy
tensor.
pheny! protons), 4.78 (s, 1H, OH), 2.66 (s, 2H, allyl 2CH), 1.85
(s, 6H, 2CH;). ®C NMR (50.288 MHz, CD:Cl): & 141.98,
138.63, 135.48, 133.58, 133.23, 131.95, 128.72, 128.53, 128.02,
127.97, 127.34, 125.86 (phenyl carbons and ring CO), 112.85,
102.70, 91.35 (ring and allyl C—Ph), 70.35 (allyl CH—Ph), 9.19
(2CHg). IR (CHCly): wvco 1947, 1876 cm™!. Mass spectrum
(DEI): m/z (%) 684 (3) [MI*, 626 (5) [M — 2CO — 2HT", 366
(12) [M — CsPhsMe,OH — 2CO - 1H]*, 260 (100) [M — Cs-
PhsHy, — H — Mo(CO)e]*.

Ring Current Induced Chemical Shift Calculation.
These calculations were performed using the program LARC,%
and a list of induced chemical shifts can be found in Table
S19 (supplementary material).
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Table 6. Selected Bond Lengths (A) and Bond Angles (deg)
for 1, 2, and 10

CsPh;H (1)

C(H—-C(2) 1.352(3) C4)—C(5) 1.477(3)

C(2)—-C(3) 1.476(3) C(5)—-C(6) 1.351(3)

C(3)—-C4) 1.360(3) C(6)—C(7) 1.529(3)
C(6)—C(5)-C4) 123.6(2) C(2)—C()—-C(M) 120.4(2)
C(H-C()—-C3) 123.2(2) C(5)—-C6)-C(N 120.4(2)

C7Ph/HCO (2)

C(H—-C2) 1.607(6) C(5)—C(8®) 1.548(6)

C(2)—-C(3) 1.526(6) CQQ)—-C(8) 1.559(6)

C3)-C4) 1.353(6) C(@®)—-0() 1.194(5)

C4)—C(5) 1.519(6) C(H—-C(D 1.518(6)

C(5)—C(6) 1.600(6) C(6)—C(N 1.525(6)

C(1)—C(6) 1.569(6)
C(3)—C(2)—-C(1) 111.1¢4) C5)—-C(®)—-C(2) 98.1(4)
C4)—C(5)—-C®) 111.0(3) C(NH—C(6)—-C(1) 58.7(3)
C(NH—C(6)—C(5) 118.9(4) C(NH—-C(1)—C(6) 59.2(3)
C(H—-C)-C2) 117.0(4) C(1)—-C(NH-C(6) 62.0(3)

(CsPh4OH)C3PhsH2Mo(CO); (10)

C(10)—C(20) 1.421(10) C(1H)—-0(1) 1.131(8)
C(20)—C(30) 1.440(10) C(2)—-0(2) 1.135(8)
C(30)—C40) 1.437(10) Mo(1)—centroid 2.052
C(40)—C(50) 1.446(10) Mo(1)—C(60) 2.309(8)
C(10)—C(50) 1.427(11) Mo(1)—C(80) 2.337(8)
C(10)—-0(3) 1.371(8) Mo(1)—C(70) 2.339(8)
C(60)—C(70) 1.456(11) Mo(1)—C(1) 1.964(9)
C(710)—C(80) 1.424(11) Mo(1)—C(2) 1.972(8)
C(10)—C(20)—C(30)  105.9(7) CRRO—-CU0)—-C(50)  110.8(D
C(40)—C(30)—C(20) 109.4(6) C(2)—Mo(1)—C(1) 77.4(3)
C(30)~-C40)—C(50)  107.3(7) C(B0O)—C(70)—C(60)  111.2(7)
C(10)—C(50)—C40)  106.7(T)

X-ray Crystallography. X-ray crystallographic data were
collected on a Siemens P4 diffractometer with a rotating anode
and graphite-monochromated Mo Ka radiation (4 = 0.710 73
A). The background measurements were obtained by using a
stationary crystal and stationary counter at the beginning and
end of the scan, each for 25% of the total scan time. The scan
type used was 6—26. In each case a variable scan speed was
used, 5.00—60.00°/min in w for 1 and 2, 4.00—60.00°/min in @
for 10. Three standard reflections which were measured after
every 97 reflections showed no instrument instability and only
minor crystal decay. The molecules 1 and 2 were solved by
using the direct method, while for 10 the Patterson method
was used; both are contained in the SHELXTL-PLUS program
library.® All hydrogen atoms were refined isotropically. The
method of refinement was full-matrix least squares in each
case. Crystal data collection parameters are listed in Table
2. Atom coordinates and selected bond lengths and angles for
1, 2, and 10 are collected in Tables 3—6.
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eters for hydrogen atoms for 1, 2, and 10, plots of molecules
1, 2, and 10 showing thermal ellipsoids, and a list of calculated
ring current shifts (21 pages). Ordering information is given
on any current masthead page.
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Trigonal bipyramidal olefin—platinum complexes of the title chiral diamine (mestien) have
been synthetized and their stereochemistry has been investigated by 'H and *C NMR
spectroscopy. The molecular structure of the complex PtClMe ((E)-CICH=CHCI) (mestien)
has been determined by X-ray diffraction analysis. The coordinated nitrogen atoms display
a single configuration, and a high enantioface selectivity is observed in the coordination of
prochiral olefins having a moderate lateral bulk. The selectivity can be correlated to the
conformation adopted by the diamine ligand, which shows a remarkable similarity to those
calculated for a proposed intermediate in the enantioselective dihydroxylation of olefins by

osmium tetraoxide.

Introduction

The title diamine (henceforth referred as mestien) has
been recently used as a very effective controller ligand
for the enantioselective! and diastereoselective? dihy-

Ph Ph
"»_<
\Q[/NH HN\IJ/

mestien

droxylation of olefins by osmium tetraoxide. Although
molecular mechanics models have been developed!? to
explain the observed selectivities, no metal complexes
of mestien have been described so far. One of the
proposed intermediates has a C; symmetric structure
(i), with the double bond lying in the same plane

o} Ar\ X Ar

~N
c AL
/- Bt Hj\
H
¢ ~ Ph

> >

Ar Ar

containing the two nitrogen atoms and the metal. From
a geometrical point of view, species i closely resembles
a bipyramidal complex (ii), whose structure can be

® Abstract published in Advance ACS Abstracts, January 15, 1995.

(1) Corey, E. J.; DaSilva Jardine, P.; Virgil, S.; Yuen, P. W.; Connel],
R. D. J. Am. Chem. Soc. 1989, 111, 9243.

(2) Wang, Y.; Babirad, S. A,; Kishi, Y. J. Org. Chem. 1992, 57, 468.

(8) Wu, Y. D.; Wang, Y.; Houk, K. N. J. Org. Chem. 1992, 57, 1362.
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thought as derivable from i by removing the two oxygen
atoms and approaching the olefin to the metal by 1-1.5

. Species ii could be anticipated to reveal strong chiral
induction effects in the coordination of olefins. In
addition, if species i correctly represents the active
dihydroxylation intermediate (which is still under de-
bate?), species ii could offer a useful stereochemical
model for such an intermediate. Following the above
considerations and our general interest in five-coordi-
nate olefin complexes of Pt(II),> we were prompted to
synthetize complexes of the type 1i and to investigate
their stereochemical properties, also in view of possible
uses in other stereoselective processes.

Results and Discussion.

Synthesis of the Complexes. Bipyramidal Pt(II)
complexes of mestien were prepared by described pro-
cedures,® according to Scheme 1. Path A was used with
olefins bearing electron-releasing substituents, while
path B was used with olefins bearing electron-with-
drawing substituents. The reason for this choice resides
in the effect of the substituents on the stability of
platinum—olefin complexes, which follows opposite trends
in four- and five-coordinate complexes.5*8 Accordingly,
ethene is easily displaced from the starting dimer 1 by
electron-rich olefins, while electron-withdrawing sub-

(4) Jorgensen, K. A; Schiott, B. Chem. Rev. 1990, 90, 1483.

(5) (a) Albano, V. G.; Braga, D.; De Felice, V.; Panunzi, A.; Vita-
gliano, A. Organometallics 1987, 6, 517. (b) Cucciolito, M. E,; De Felice,
V.; Panunzi, A.; Vitagliano, A, Organometallics 1989, 8, 1180. (c)
Albano, V. G.; Demartin, F.; De Renzi, A.; Morelli, G.; Saporito, A.
Inorg. Chem. 1985, 24, 2032.

(6) Albano, V. G.; Natile, G.; Panunzi, A. Coord. Chem. Rev. 1994,
133, 617.

© 1995 American Chemical Society
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stituents are generally required to displace ethene from
the bipyramidal complexes 4.

The complexes containing a o-bonded methyl group
(type b) could be prepared by an alternative procedure
starting from the dimethyl sulfide complex 2 (path C).5»

c|;|
CNopt—o ©
5 |
Me
Me,S cl )
Pt
Me,S Me “"/
2 /\{\ N ci
< \Pt/ (D)
N/ Me
3b

However, the latter method worked nicely only in the
case of ethene and olefins bearing electron-withdrawing
substituents. The reaction was sluggish with propene
and did not take place at all with (E)-2-butene, most
likely as a consequence of the above cited trend control-
ling the stability of five-coordinate complexes. Some
attempts to prepare the four-coordinate complex 3b by
directly displacing dimethyl sulfide from complex 2
(path D) failed. Either no reaction was observed or
decomposition took place when drastic conditions (e.g.,
refluxing toluene) were used.

A number of (mestien)(olefin)PtCls complexes (4a—
8a) and (mestien)(olefin)PtCIMe complexes (4b, 5b, 8b—
11b) were synthetized and characterized by H and 13C
NMR spectroscopy. Elemental analyses were performed
only when crystalline products were obtained. Racemic
mestien was used in all cases, except that of 11b, which
was made with pure (S,S)-(+)-mestien. The bipyramidal
structure was confirmed in all cases by the multiplicity
of the NMR signals and by the high field at which the
olefinic 'H and 18C resonances were observed.?®

The original purpose for preparing the methyl-
substituted complexes b was to enable the observation

of olefin association—dissociation equilibria, which were
previously shown to be facilitated by the presence of
o-bonded carbon ligands.52P Actually, olefin loss was
observed upon warming (at 60 °C) a chloroform solution
of the (E)-2-butene complexes 8a and 5b. The dichloro
complex 5a gave the expected four-coordinate complex
3a, while 5b gave a mixture of products which we did
not further characterize. In both cases, the olefin loss
was not reversible. We have no evidence allowing us
to state whether the lack of reversibility was due to
kinetic or thermodynamic reasons. However, since in
the present work we are mainly concerned with the
stereochemical features of the complexes, we did not try
to investigate further the thermodynamical aspects of
the olefin coordinations in these species.

Stereochemistry of the Complexes. General
Considerations. The diamine mestien contains, be-
sides the two chiral carbon centers, two chiral nitrogen
atoms, which of course very quickly epimerize in the
free ligand as a consequence of fast nitrogen inversion.
The nitrogen chirality is “frozen” upon coordination, so
that in principle different diastereomers can be formed,
depending on the configuration adopted by the coordi-
nated nitrogen centers. The number of possible dia-
stereomers can further increase, according to the overall
symmetry of the PtClX(olefin) fragment. In the sim-
plest case of a metal—olefin fragment having Cs, sym-
metry, as for complex 4a, three diastereomers could be
formed. When a chiral (racemic) olefin is used and the
diamine—metal fragment lacks the Cs axis (complex
11b), up to 32 different diastereomers are possible! At
first glance, the diastereomeric population of a given
complex could be straightforwardly determined by
inspection of the NMR spectra. However, the number
of isomers that would actually be observed by NMR
depends not only on their relative abundances (match-
ing their relative stabilities, in the case an equilibrium
is attained) but also on their interconversion rates.
Three different dynamic processes can take place in
solution, each one interconverting a subset of all the
possible isomers: (a) nitrogen inversion; (b) olefin
rotation; (c) olefin exchange. A general discussion of the
actual occurrence of these three processes for complexes
4-11 seems worthwhile.
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Table 1. Diastereomeric Distribution of
[PtCIX(olefin)(mestien)] Complexes

suggested

possible obsd isomers % of major configuration of the

complex isomers? (within 95% of total) Isomer® olefinic carbon(s)®

4a 3 1 100

Sa 6 2 92 S, §

6a 6 2 84 S

7a 6 2 91 N

8a 6 2 55

4b 4 1 100

5b 8 2 85 S, S

8b 16 4 41

9b 8 2 88 R, R4

10b 8 2 57

11b 32 2 86°

2 Only isomers retaining the usual tbp structure, with equatorial N—N
and olefinic ligands, are considered. ¥ Approximate equilibrium population.
¢ Referred to the major diastereomer in the complex containing (R,R)-
mestien. ¢ Unequivocally assigned via X-ray structure. ¢ Isomeric population
in the actually isolated complex.

(a) Nitrogen Inversion. This was shown to be fast
at room temperature for some (diamine)(CoH4)PtCl,
complexes,” with the nitrogen atoms displaying the
same configuration (trans arrangement of the substitu-
ents) in the largely predominating isomer.”® In our
case, this process could be directly revealed by variable-
temperature NMR only if appreciable amounts of dif-
ferent diastereomers were present at equilibrium. As
a matter of fact, only one isomer was detected in a wide
temperature range for complexes 4a and 4b. In the case
of other complexes, minor species were detected (see
Table 1), which could be ascribed to the coordination of
different olefinic enantiofaces (see later). Therefore, we
can reasonably infer that the nitrogen atoms selectively
adopt one configuration, (trans configuration according
to the retention of the C; axis in complexes 4a and 5a),
but we lack direct evidence about the rate of nitrogen
inversion. However, we can consider that this could
occur either via proton dissociation or via nitrogen
dissociation, and in both cases proton exchange should
occur at a comparable rate. With the possible exception
of the (E)-2-butene complex 5a, at room temperature
proton exchange is slow on the NMR v time scale, since
coupling to the vicinal CH protons was invariably
observed. In most cases it is also slow on the laboratory
time scale, since deuterium exchange (CDCl; saturated
with D20) occurred with half-lives ranging between 1
min (4a) and 1 day (9b). The above observations give
indirect evidence that nitrogen inversion in most if not
all complexes is slow at room temperature on the NMR
v time scale.

(b) Olefin Rotation. When both the olefin and the
metal fragment lack a C; axis, this process interconverts
two different rotamers. We found that at room tem-
perature olefin rotation is slow on the NMR v time scale
and sometimes also slow on the T time scale. Thus, in
the case of the propene complex 6a, at 300 K two
separate couples of sharp singlets are observed for the
mesityl methyl groups belonging to opposite sides of the
diamine (“slow” rotation), which at 330 K are coalesced
into a single couple of sharp singlets (“fast” rotation).
In the case of the dichloroethene complex 9b, rotation

(7) Fanizzi, F. P.; Maresca, L.; Natile, G.; Lanfranchi, M.; Manotti-
Lanfredi, A. M,; Tiripicchio, A. Inorg. Chem. 1988, 27, 2422,

(8) De Renzi, A.; Di Blasio, B.; Saporito, A.; Scalone, M.; Vitagliano,
A. Inorg. Chem. 1980, 19, 960.
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is much slower, as evidenced by the nonequivalence of
the two olefinic protons (6 = 4.68 ppm and 6 = 3.62 ppm,
respectively) at 330 K, and by the absence of saturation
transfer between the two protons even at this tempera-
ture.

(c) Olefin Exchange (Dissociation—Association).
This process can interconvert all the isomers that differ
by the spatial orientation of the olefin (rotamers and
re—si isomers) or by the enantiomeric olefin being
coordinated (in the case of racemic chiral alkenes). We
found that at room temperature and in the presence of
free olefin in all cases the exchange occurs with half-
lives larger than 1 min, since no saturation transfer was
ever observed between the signals of free and coordi-
nated olefin. The exchange was actually monitored in
a few cases, and half-lifes of the order of 10—30 min
were observed for olefins bearing electron-releasing
substituents. The exchange is accelerated by traces of
acid (CFsCOOH), in agreement with a mechanism
involving the dissociation of one nitrogen atom, as
suggested by van Koten et al.? The exchange is much
slower for electron-withdrawing olefins (several days in
the case of the fumaronitrile complex 10b), but ulti-
mately an equilibrium is reached between the possible
diastereomers.

The above observations point to the conclusion that
at room temperature for all the complexes investigated
the NMR signals of the possible isomers are not aver-
aged by exchange phenomena. Therefore the actual
populations of the various isomers can be directly
inferred by the multiplicity and intensity of the signals
observed in the NMR spectra. The number of isomers
that were observed and the abundance of the major one
are listed in Table 1, in comparison with the total
number of the possible diastereomers. Inspection of
Table 1 shows that in most cases a remarkable stereo-
selectivity controls the formation of the five-coordinate
adducts. Before discussing in detail some stereochem-
ical features of the complexes, as inferred by the NMR
data, we shall present the results of the X-ray structural
analysis of complex 9b.

Molecular Structure of PitClMe[(E)-(1-R,2-R)-
CHCI=CHCI][(R-C,R-C’,4S-N,S-N")mestien] (9b).The
crude complex 9b consisted of a mixture of diastereo-
mers containing a major component in nearly 90%
abundance. Crystallization from methylene chloride—
ethanol gave single crystals of the major isomer which
were suitable for X-ray diffraction. Crystals (space
group P2;/c) contained enantiomorphic molecules, (ra-
cemic mestien was used in the preparation) displaying
the trigonal bipyramidal (tbp) structure that is usual
for five-coordinated olefin complexes of platinum(II).%
An ORTEP drawing of the molecule, showing the atom
numbering scheme, is shown in Figure 1. Relevant
geometric parameters are given in Tables 2 and 3. The
Pt—C(2) and Pt—C(3) distances (2.04(1) and 1.98(1) A,
respectively) are the shortest observed for similar
complexes.® The short Pt—C distances are accompanied
by a considerable lengthening of the C(2)—C(3) double
bond (1.50(2) A) and by a large bending-back of the two
chlorine atoms (torsion angle C1(2)—C(2)~-C(3)—-CI1(3) =
—123(1)°). All together, the above data indicate a strong
metal—olefin bond, with a contribution of 7-back-dona-

(9) van der Poel, H.; van Koten, G.; van Stein, G. C. J. Chem. Soc.,
Dalton Trans. 1981, 2164.



Pt Stereoselective Coordination of Olefins

Cl(3)

Figure 1. ORTEP view of PtCIMe[(E)-CICH=CHC)]-
(mestien) (9b) showing the atom labeling scheme. Thermal
ellipsoids are drawn at the 25% probability level.

Table 2. Fractional Atomic Coordinates and Equivalent
Isotropic Thermal Parameters (Az) of the Non-Hydrogen

Atoms?
X y Z Beqb

Pt 0.45657(4) 0.24069(3) 0.60620(4) 4.65(1)
CI(1) 0.3611(3) 0.2453(2) 0.4292(2) 6.0(1)
Cl(2) 0.5049(5) 0.0948(3) 0.5145(4) 11.5(2)
C1(3) 0.7311(3) 0.2410(3) 0.6832(4) 11.3(2)
N(D) 0.2876(7) 0.2210(5) 0.5973(7) 5.1(3)
N(2) 0.4018(7) 0.3475(5) 0.6220(6) 4.3(2)
(1) 0.531(1) 0.2460(9) 0.760(1) 11.1(5)
C(2) 0.548(1) 0.1551(8) 0.607(1) 7.8(4)
C(3) 0.601(1) 0.2221(8) 0.598(1) 7.0(4)
C(4) 0.238(1) 0.2825(6) 0.626(1) 5.8(3)
C(5) 0.275(1) 0.1544(7) 0.647(1) 6.2(4)
C(6) 0.156(1) 0.1294(6) 0.613(1) 5.5(3)
C(7) 0.100(1) 0.1292(7) 0.671(1) 5.83)
C(8) —0.010(1) 0.1156(8) 0.635(1) 7.4(4)
C9) —0.069(1) 0.0980(8) 0.542(1) 7.3(4)
C(10) —-0.010(1) 0.0922(8) 0.483(1) 7.6(4)
C(11) 0.102(1) 0.1056(7) 0.515(1) 6.9(4)
C(12) 0.154(1) 0.1457(9) 0.780(1) 9.5(5)
C(13) —0.195(1) 0.0905(9) 0.499(1) 10.4(6)
C(14) 0.163(1) 0.0995(9) 0.449(1) 10.2(5)
C(15) 0.110(1) 0.2858(7) 0.580(1) 7.1(4)
C(16) 0.049(1) 0.2977(9) 0.636(1) 12.8(5)
C(17) -0.066(1) 0.3013(9) 0.597(2) 21(1)
C(18) -0.117(2) 0.2903(9) 0.499(2) 16(1)
Cc(19) —0.058(2) 0.2786(9) 0.442(3) 24(2)
C(20) 0.055(1) 0.2757(9) 0.481(2) 11.4(8)
C(21) 0.279(1) 0.3487(6) 0.594(1) 4.8(3)
C(22) 0.432(1) 0.4066(6) 0.569(1) 4.7(3)
C(23) 0.552(1) 0.4186(6) 0.602(1) 4.5(3)
C(24) 0.609(1) 0.4111(6) 0.541(1) 5.0(3)
C(25) 0.718(1) 0.4247(7) 0.571(1) 5.4(3)
C(26) 0.780(1) 0.4502(8